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Abstract — Digital elevation models (DEMs) of several jokulhlaup source areas were measured during the
mapping of Icelandic glaciers with aerial lidar in 2008-2013. This included i) the jokulhlaup in Milakvisl
from Myrdalsjokull on 9 July 2011, which destroyed the bridge on the ring road, and ii) the jokulhlaup in
Vestari-Jokulsd from Hofsjokull in late August 2013. Comparison of these DEMs with lidar measurements from
before the jokulhlaups reveals valuable information about the volume of the floods and the nature of subglacial
water flow from jokulhlaup source areas created by subglacial geothermal activity. DEM differencing shows
lowering of the glacier surface of Myrdalsjokull along several kilometres of the subglacial flood path from the
main cauldrons that released the initial flash flood, which is most likely caused by melting of the glacier sole by
warm flood water. It is not possible to derive an explicit estimate of the temperature of the flood water near the
main cauldrons, but the DEM differencing indicates temperature on the order of 10 °C to tens of degrees Celsius.
In recent years, three jokulhlaups have been observed from Hofsjokull and cauldrons have formed in the ice
cap surface at three different locations. These measurements and observations of several other jokulhlaups in
Iceland in recent years show that the initial temperature of jokulhlaup flood water may be quite variable from
near the freezing point of water to tens of degrees Celsius. This variable temperature is likely to have important
consequences for jokulhlaups dynamics and may be part of the explanation for the highly variable development
of jokulhlaups. The jokulhlaup in Miilakvisl in 2011 and from Hofsjokull in 2013, as well as several other
Jjokulhlaups from Myrdalsjokull and some other glaciers and ice caps in Iceland, highlight the importance of
improving the understanding of jokulhlaups and related natural hazards.

INTRODUCTION velopment must be inferred by indirect observations

(Bjornsson, 2010; Einarsson et al., 2016).
Jokulhlaups occur regularly in Iceland and are one of

the most important natural hazard processes in the
country (Bjornsson, 2003). The dynamics of jok-
ulhlaups are hard to observe as the floods typically
take place under hundreds-of-metres-thick glacier ice
and many aspects of the subglacial flood-path de-
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The dynamics of jokulhlaups from glaciers cov-
ering volcanoes and geothermal areas depend on the
temperature of the flood water at the source (Bjorns-
son, 2010). The thermodynamics of the floods are,
furthermore, affected by variations in subglacial wa-
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ter pressure due to the dependency on pressure of the
freezing point of water at the base of the glacier (Alley
et al., 1998) and the boiling point of water in the crust
below the glacier (Gudmundsson et al., 2013). Water
flow at the base of glaciers takes place at a temperature
near the pressure freezing point sufficiently far away
from inlet locations of water from subglacial lakes that
may be at a temperature above the pressure-dependent
freezing point. More energy is available for the melt-
ing of ice and enlargement of the subglacial flood path
when the flow is towards thicker ice because of the
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Figure 1. Location map showing the ice caps Myrdals-
jokull and Hofsjokull, the outlet glaciers Kotlujokull
and Satujokull, and Mulakvisl and Vestari-Jokulsa rivers
where jokulhlaups occurred in 2011 and 2013, as well
as locations of discharge and water-level gauging sta-
tions. The background shading is based on slandsDEM
(https://dem.gis.is). — Yfirlitskort af Myrdalsjokli og Hofs-
JOkli, skridjoklum og vatnsfollum sem koma vid sogu i grein-
inni, dsamt vatnshedarmeelistodvum.

suppression of the freezing point with increasing pres-
sure. Less energy will, on the other hand, be avail-
able for melting of ice when flood water flows towards
thinner ice and consequently lower water pressure be-
cause energy is needed to warm the water and main-
tain the temperature at the rising freezing point. Flow
down a steep gradient in the ice thickness may even
induce glaciohydraulic supercooling with freeze-on
of basal ice from the flood water and a downstream
reduction in the size of the subglacial flood path (Al-
ley et al., 1998).

Lowering of water pressure in subglacial lakes dur-
ing a flood may also induce flash-boiling in an under-
lying geothermal system, which can intensify basal
melting (Gudmundsson et al., 2013; Einarsson et al.,
2023) and thereby increase the flood volume. These
thermodynamic processes, which are governed by the
phase diagram of water over large ranges of temper-
ature and pressure, interact to create widely varying
jokulhlaup dynamics that include slowly- and rapidly-
rising floods (Einarsson et al., 2016), depending on
the initial flood-water temperature and the geome-
try of the subglacial flood path. These dynamics are
poorly understood and it is important to expand ob-
servations of jokulhlaups beyond traditional measure-
ments of flood discharge and water temperature at or
near terminus outlets to improve understanding of
subglacial floods. This is essential to adequately ex-
plain the main jokulhlaup characteristics such as flood
duration and maximum discharge.

Changes in the elevation of the glacier surface as-
sociated with two jokulhlaups, from Myrdalsjokull
in 2011 and Hofsjokull in 2013, were observed dur-
ing lidar mapping of the Icelandic glaciers that took
place in 2008-2013 (Jéhannesson et al., 2011, 2013).
Surface-elevation profiling from aircraft, profiling us-
ing kinematic GNSS surveying and satellite mapping
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Jokulhlaup from Myrdalsjokull 2011 and Hofsjokull 2013

were also used to analyse elevation changes related to
the jokulhlaups. The observed lowering of the glacier
surface in the source areas of the jokulhlaups reveals
valuable information about the volume of the floods,
the geometry of the subglacial water bodies that re-
leased them and the thermodynamics of the water flow
in the uppermost part of the subglacial flood path. In
this paper, lidar and satellite observations, as well as
profile measurements, of lowering of cauldrons and
neighbouring areas, where the jokulhlaups were re-
leased, are described and interpreted after general in-
formation about the jokulhlaups has been briefly sum-
marized.

THE JOKULHLAUP IN MULAKVISL IN
JULY 2011

A sudden jokulhlaup from Kotlujokull outlet glacier
in SE Myrdalsjokull ice cap occurred in the river
Mulakvisl on 9 July 2011 destroying the bridge on
the main ring road of Iceland and causing disruption
of traffic in S-Iceland until a temporary road connec-
tion was established a week later, see location maps
in Figures 1 and 2.

The jokulhlaup in Mulakvisl was remarkably sud-
den. The entire duration of the main flood was only
a couple of hours at the water-level gauging station at
Mt. Léreftshofud (named vhm 414 in Fig. 1) (Jénsson
and Porarinsdottir, 2011), which is ca. 5km down-
stream from the glacier margin, see Figure 3. The
water level at Léreftshofud rose by 5 m within ca. 6
minutes and the flood wave propagated 8 km down to
the ring road in 50 minutes. This allowed a warn-
ing to be announced on the basis of the continuously-
transmitted measurements at Léreftshofud before the
jokulhlaup reached the road. The maximum flood dis-
charge on the sandur plain downstream from the gaug-
ing station at Léreftshofud was back-calculated with
the HEC-RAS hydrodynamic model from measured
flood marks along the river path near Léreftshofud and
estimated as 3000 m3/s (Jénsson and Pérarinsdéttir,
2011). The maximum discharge was estimated ca.
6000 m3/s closer to the glacier, upstream of a lake of
ponded flood water that formed north of Léreftshofud.

JOKULL No. 75, 2025

O cauldron area

(®) Glacier cauldrons

— 2010 margin

b e

S LAY B
Figure 2. The surface of Myrdalsjokull according to a

lidar survey on 9 and 10 August 2010. The area resurveyed
on 7 and 8 August 2011 is shown with a box on the
eastern side of the summit area. The outline of the ice
cap in 2010 is shown in red. Symbols show locations
of cauldrons that have been identified by the Institute of
Earth Sciences, University of Iceland. The shading outside
the lidar DEM of the glacier is based on IslandsDEM. —
Yfirboro Myrdalsjokuls skv. leysimeelingu 9. og 10. dgiist
2010. Sveedio sem endurmeelingin 7. og 8. dguist 2011 nddi
til er synt med ramma d austanverdum hdjoklinum. Utlina
Jjokulsins drio 2010 er synd med raudum ferli. Tdkn syna
sigkatla sem skilgreindir hafa verid af Jardvisindastofnun
Hdskdlans.

The source area of the jokulhlaup was investigated
and photographed on 9 and 11 July 2011, on the same
day and two days after the flood (Figs. 4, 5 and 6),
revealing that the flood mainly originated from caul-
drons no. 16, 9 and 10 in the numbered list of >20
cauldrons in Myrdalsjokull from the Institute of Earth
Sciences (IES), University of Iceland (Magnusson et
al., 2017, 2021). On 11 July, scientists from the IES
measured several elevation profiles with an on-board
C-band ground-clearance radar in the flight inspec-
tion aircraft TF-FMS, from the civil aviation service
of Iceland (Isavia) (Gudmundsson et al., 2007; Gud-
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Figure 3. The water level in Mudlakvisl at the gauging sta-
tion Léreftshofud (vhm 414), ca. 5 km downstream from the
terminus of Kotlujokull outlet glacier, in the night of 9 July
2011. The main flood lasted only for ca. 2 hours. — Vatns-
hed i Milakvisl vid Léreftshofud (vhm 414), um 5 km frd
Jjadri Kotlujokuls, adfaranott 9. juli 2011. Flédtoppurinn
vardi adeins i u.p.b. 2 klst.

Figure 5. Cauldron no. 16 in Myrdalsjokull seen from the
southwest. The steep ice walls surrounding the collapsed
shaft in northern part of the cauldron are clearly seen. There
is ponded water on the surface near the middle of the main
cauldron. — Ketill 16 { Myrdalsjokli sédur frd sudvestri. Vel
sést hversu brattar hlidarnar d strokknum [ noroanverdum
katlinum eru og ad daginn sem myndin var tekin stendur
uppi vatn { katlinum. Photo/ljésmynd: Oddur Sigurdsson,
11 July 2011.

Figure 4. Cauldrons no. 16 (above the centre) and 9 (near
the left margin) in Myrdalsjokull seen from the north (see
location map in Fig. 2). The gray colour of the glacier sur-
face is caused by windborne tephra from the eruption in
Grimsvotn in May 2011. — Katlar 16 og 9 i Myrdalsjokli
sédir frd nordri. Yfirbord jokulsins er grdtt vegna gjosku frd
gosinu { Grimsvétnum { mai 2011. Photo/ljésmynd: Oddur
Sigurdsson, 11 July 2011.

Figure 6. Cauldron no. 10 in Myrdalsjokull seen from SSE.

Circular crevasses can be seen in the area where cauldron
no. 11 subsided further a month later. — Ketill 10 i Myrdals-
Jjokli séour frd sudsudaustri. Mota sést fyrir hringsprungum
nordvestan ketilsins par sem ketill 11 seig meira um mdnudi
sidar. Photo/ljésmynd: Oddur Sigurdsson, 11 July 2011.
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Jokulhlaup from Myrdalsjokull 2011 and Hofsjokull 2013

mundsson and Hognadéttir, 2011). Photographs taken
on 11 July show circular crevasses indicating slight
lowering of cauldron 18 that was not noticeable two
days earlier.

The lowering revealed by the radar elevation-
profile measurements of the IES/Isavia corresponds
to a total volume of ca. 18 million m? released from
the three cauldrons where the greatest lowering in
the period 6 to 11 July was detected (Gudmunds-
son and Hognadéttir, 2011), whereas the water-level
measurements at Léreftshofud and their model inter-
pretation with HEC-RAS indicate a flood volume of
ca. 7-8 million m?® during the 2-hour-long flash flood
in the early morning on 9 July (Jénsson and Pérarins-
dottir, 2011). A substantial amount of flood water,
thus, appears to have been issued more slowly from
the glacier in the two days that elapsed from the
main flood until the flight measurements of IES/Isavia
on 11 July (Gudmundsson and Hognadéttir, 2011;
Larsen et al., 2013), as evidenced by the lowering of
cauldron 18 in this period that was mentioned above.
This is in accordance with visual observations of the
river and conductivity measurements in the river at
the temporary bridge on the ring road during sev-
eral weeks after the initial sudden outburst on 9 July,
which indicate that irregular much smaller floods took
place during this time period. Although unlikely,
some water might have flowed from the cauldron area
during the three days from the spring surveying of the
cauldrons on 6 July until the flash flood occurred.

The formation mechanism of the subglacial wa-
ter bodies that released the Mulakvisl flood is not
well known. Geochemical analysis has been inter-
preted to indicate subglacial geothermal melting with
water—rock interaction for at least a year before the
flood (Galeczka et al., 2014). Seismic tremor that
was observed in connection with this and some other
similarly-sized jokulhlaups from Myrdalsjokull and
Vatnajokull ice caps has also been viewed as an indi-
cation of small subglacial eruptions or shallow intru-
sions (Sgattoni et al., 2017, 2019; Einarsson et al.,
2023). Gudmundsson et al. (2013) and Einarsson et
al. (2023) interpret some types of tremor during jok-
ulhlaups as a consequence of flash-boiling in the sub-
glacial geothermal system, which could greatly inten-
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sify basal melting during the flood. Sgattoni et al. and
Einarsson et al. note that in some cases the tremor
may also be caused by small subglacial eruptions or
shallow intrusions.

THE JOKULHLAUP FROM
HOFSJOKULL IN AUGUST 2013

On 21 August 2013, a smell of sulphur was noticed
from the river Vestari-Jokulsa in Skagafjordur. The
river seemed to carry an unusual amount of suspended
sediments and appeared silver-gray in colour. Hy-
drologists from the Icelandic Meteorological Office
took water samples from the river and confirmed by
field observations that the flood water originated from
the northwestern margin of Hofsjokull ice cap where
it entered the easternmost branch of Vestari-Jokulsa,
which issues from the outlet glacier Satujokull (J6-
hannesson et al., 2014), see location map in Fig-
ure 1. The jokulhlaup discharge reached a maxi-
mum of ~40m?3/s on 24 August at Goddalabri, be-
yond the discharge at the gauging station during the
days before and after the flood, and then receded
over the following ca. three days (IMO, 2014), see
Figure 7. Comparison with the discharge in neigh-
bouring Austari-Jokulsd, which was not affected by
the jokulhlaup, shows that the background discharge
in other watersheds in this area was most likely some-
what higher during the jokulhlaup than in the days
immediately before and after the flood. Taking this
into account, the maximum additional discharge in
Vestari-Jokulsd due to the jokulhlaup can be estimated
as ~30-35m?/s. The total volume of flood water
was estimated as 4.3 million m® by comparison of the
measured discharge in Austari-Jokulsd at Skatastadir
(vhm 144, Figure 1) and Vestari-Jokulsd at Goddala-
brd (vhm 145, Figure 1), IMO, 2014), but differences
in precipitation between the watersheds in question
during the flood leads to substantial uncertainty in this
estimate. The jokulhlaup did not cause any damage or
disruption.

Besides the jokulhlaup in Vestari-Jokulsd de-
scribed here, jokulhlaups from Hofsjokull are uncom-
mon with only three other such floods reported from
the ice cap. Eyporsson (1961) described a jokul-
hlaup from Hofsjokull in Blanda in 1903 or 1904.



Tomas Johannesson et al.

100
|

Figure 7. River discharge in

= T T T i
—— Vestari-Jokulsa, Goddalabr( (vhm 144)
— Austari-Jokulséd, Skatastadir (vhm 145)

Vestari- (blue) and Austari-Jok-

ulsd (red) in Skagafjordur 18-

80

30 August 2013 at Goddalabri
(vhm 145) and Skatastadir (vhm

144) gauging stations. The flood

60

rennsli (m¥/s)
1

40
1

in Vestari-Jokulsd reached maxi-
mum on 24 August. — Rennsli
i Vestari- (bldr ferill) og Austari-

Jokulsd (raudur ferill) i Skagafirdi

18.-30. dgiist 2013 vid Goddala-

20

brii (vhm 145) og Skatastadi (vhm
144). Jokulhlaupio i Vestari-Jok-
ulsd nddi hdmarki 24. dgiist.

i T T T | T T T T T T
18 19 20 21 22 23 24 25 26
Agust 2013

The outlet location is unknown but Eypérsson men-
tioned that the flood might have originated near the
mountain Blagnipa at the SW margin of the ice cap.
In the fall of 2017, a small jokulhlaup appears to
have emerged from beneath the Blagnipujokull outlet
glacier on the western side of the ice cap (see Fig. 1),
breaking up the ice near the terminus and transport-
ing large chunks of glacier ice several hundred me-
ters downstream (IMO, 2018). In September 2021,
a second smaller jokulhlaup in Vestari-Jokulsd was
detected at the Goddalabrd gauging station, coming
from the same summit cauldron as the 2013 flood.

A Landsat 8 satellite image of Hofsjokull from 24
September 2013 (Fig. 8) shows an elongated dark spot
or depression at 1700 m a.s.l. at the northern margin
of the summit of the ice cap. A depression had not
been noticed before in this area. The depression ap-
peared composed of two connected cauldrons. In the
autumn 2013 mass-balance expedition to Hofsjokull,
it was confirmed that a 20-30-m-deep, WNW-ESE
elongated, depression had formed at this location,
~(64°49.5°N; 18°52’V), with a long axis of 500-
1000 m (P. Porsteinsson, pers. comm., October 2013).
Concentric, circular, partly snow-filled crevasses were
observed at the margin of the depression.

On 14 October 2013, scientists from the IES flew
over the cauldron area in Hofsjokul in the same TF-
FMS aircraft as was used for profile measurements of

6

27 28 29 30

Myrdalsjokull in July 2011. They took photographs
(Figure 9) and measured two elevation profiles with
the on-board C-band radar. The profiles show a ca.
800m long, 500 m wide and 20 m deep depression,
which was not noticeable at this location when the
glacier surface was mapped by aerial lidar in the year
2008 (J6hannesson et al., 2013).
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Figure 8. Landsat 8 satellite image of NW Hofsjokull from
24 September 2013. A newly formed cauldron is marked
with a black arrow. — Landsat 8 gervihnattarmynd af noro-
vestanveroum Hofsjokli, 24. september 2013. Nymyndadur
sigketill vid oskjubrinina er audkenndur med svartri or.
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Jokulhlaup from Myrdalsjokull 2011 and Hofsjokull 2013

Figure 9. Cauldron near the northern margin of the summit caldera of Hofsjokull ice cap formed in August 2013 seen from
east (A) and west (B). The cauldron is marked with a black arrow on the photo to the left. — Horft frd austri (A) og vestri
(B) yfir sigketil { nordurbriin Hofsjokulsoskjunnar sem myndadist i dgiist 2013. Sigketillinn er audkenndur med svartri or d
myndinni til vinstri. Photos/ljésmyndir: Magnis T. Gudmundsson, 14 October 2013.

Data and methods

Lidar measurements are an accurate method for map-
ping ice-surface elevations independently of surface
texture and external light sources (Favey ef al., 1999;
Abermann etal., 2010) and were for this reason cho-
sen for a national survey of Icelandic glaciers that took
place in 2008-2013. The measurements were car-
ried out by the German mapping company TopScan
GmbH with an Optech ALTM 3100 laser scanner op-
erated from ~2500 m above ground, with 60 m/s flight
speed, ~1200m distance between flight-lines, swath
width of ~1800 m and swath overlap of 600 m. The
wavelength of the ALTM lidar is 1064 nm, and the
laser scan rate was 33 kHz. GNSS base stations from
the Icelandic ISGPS station network (Geirsson et al.,
2010) operated by the National Land Survey of Ice-
land and temporary base stations operated at ISN2004
triangulation network points were used for kinematic
correction of the on-board GNSS instrument, ensur-
ing a distance of <50-100 km from the survey ar-
eas to the nearest base station. The average measure-
ment point density was ~0.3-0.4 per m?, i.e. approx-
imately one measurement every 3 m?. The measure-
ments were averaged and interpolated onto a regular
5x5m grid (DEM) using a linear prediction method
implemented in in-house software of TopScan. On av-
erage, approximately ten lidar measurements from the
randomly distributed point clouds are available to de-
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termine each point in the 5 x5 m regular grid. For spe-
cialized applications, higher-resolution 2 x2 m DEMs
may be derived from the original point clouds.

Two measurements are obtained from each re-
flected laser pulse, corresponding to the first and the
last returned pulse. The measurements correspond-
ing to the first-pulse were used to calculate the regular
DEMs, as these are considered more likely to origi-
nate from the ‘smooth’ ice surface that the DEM is
intended to represent. The last-pulse measurements,
which may be expected to be more affected by surface
irregularities (e.g. crevasses and melt channels), may
be used together with the first-pulse measurements in
special-purpose studies such as digital delineation of
crevasses or geomorphological analysis (Jéhannesson
et al., 2011; Staines et al., 2015).

GNSS validation measurements on ice-free land
and on the glaciers, taken on a day close to the lidar
surveying, and comparison of lidar results in overlap
areas indicate that the vertical accuracy of the lidar
measurements <0.5 m (J6hannesson et al., 2011).

Table 1 summarizes the lidar surveys of Myrdals-
jokull and Hofsjokull in 2008, 2010, 2011 and 2013
that are used in this paper.

TanDEM-X DEMs of Myrdalsjokull used for
comparison with other surface-elevation data about
the jokulhlaup in Mulakvisl in 2011 were deduced
from interferometric synthetic aperture radar (InSAR)
data acquired during the TanDEM-X satellite mission

7
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Table 1. Dates of lidar surveys and total survey area (km?), including adjacent ice-free areas and overlapping regions for

each survey. The date of the main survey is given in bold in case several efforts were needed to map the entire glacier in
question, in which case data from the other surveys may have been adjusted in altitude to create a composite DEM corre-
sponding to the time of the main survey. Such patching did not affect the jokulhlaup source areas that are analysed here. —

Dagsetning leysimelinga og flatarmdl meeldra sveeda.

Glacier Survey dates (area)
Hofsjokull 3/4.9.2008 (760 km?), 18/19.7.2010 (347 km?)
Hofsjokull 13/14.10.2013 (994 km?)

Myrdalsjokull 16/21.7.2010 (51 km?), 9/10.8.2010 (748 km?)
Myrdalsjokull 7/8.8.2011 (57 km?, cauldrons)

on 23 March and 4 September 2011. The DEMs are
processed by extracting the topographic information
from the InSAR data in the same manner as described
by Rossi et al. (2012).

Pléiades stereo images of Hofsjokull, collected in
four acquisitions between 1-5 October 2020, and Arc-
ticDEM strips (Porter et al., 2022) of the glacier, from
11 July 2021 and 2 July 2022, were used for compari-
son with the 2013 lidar DEM. The Pléiades stereo im-
ages were processed using the Ames StereoPipeline
(Shean et al., 2016), following the processing strategy
described in Deschamp-Berger et al. (2020). Each of
the resulting Pléiades DEMs was co-registered with
respect to the 2013 lidar DEM with the co-registration
algorithm of Nuth and K&éb (2011), and a 2-m resolu-
tion mosaic was created with the routine DEM mosaic
in the Ames StereoPipeline for early October 2020.
We assessed a relative vertical uncertainty of the P1éi-
ades DEM mosaic of 1 m. The Normalized Mean
Absolute Deviation (NMAD) of elevation between
the Pléiades DEM mosaic and the lidar DEM was
in all cases lower than this value outside the glacier
(Berthier et al., 2024). Pléiades data have been widely
used for monitoring glacier changes (Berthier ef al.,
2014, 2024).

Glacier surface-elevation profiles were measured
with kinematic differential GNSS using base stations
from the Icelandic ISGPS station network and with
airborne radar altimetry with the flight inspection air-
craft TF-FMS (Gudmundsson et al., 2007; Magnts-
son et al., 2021).

RESULTS

Surface elevation changes of Myrdalsjokull in July
and August 2011

The source area of the July 2011 jokulhlaup in
Miuilakvisl from Myrdalsjokull ice cap was resurveyed
by lidar approximately one month after the flood on 7
and 8 August 2011 (Jéhannesson, 2012) (see Table
1). The resurveyed area spanned roughly the eleva-
tion range 1200-1400 m a.s.l. and measured ca. 5 km
W-E and 11 km S-N (Fig. 2). Shadings of this area
from the 2010 and 2011 DEMs are presented side-
by-side in Figure 10 and clearly show four main sub-
sidence areas that were formed during and after the
jokulhlaup. The main cauldron that subsided was no.
16 and cauldron no. 9, 1-2 km to the SE was simulta-
neously emptied (see Figs. 11 and 12, as well as Figs.
4 and 5). Cauldrons no. 10 and 11, ca. 4km NE of
cauldron 16, also show substantial lowering (see Figs.
11 and 13, as well as Fig. 6). The surface lowering
of cauldron 11 was not as large in the reconnaissance
flight and radar-profile measurements on 11 July de-
scribed above as the lowering of the other three caul-
drons. These cauldrons are part of a system >20 caul-
drons in Myrdalsjokull ice cap with substantial varia-
tions in surface elevation with time that are regularly
monitored by the IES (Gudmundsson et al., 2007;
Magniisson et al., 2021) as mentioned above.

The elevation difference between the 2010 and
2011 surveys (Fig. 11), after a correction for a
~0.28 m elevation difference between the surveys
outside the main subsidence areas, shows the four
main subsidence cauldrons mentioned above. It also
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Jokulhlaup from Myrdalsjokull 2011 and Hofsjokull 2013

Figure 10. Shadings of the lidar surveys of Myrdalsjokull in 2010 (left) and 2011 (right) with 100 m (bold) and 20 m (thin)
contour lines. The large boxes (marked a and b) on the 2010 map to the left identify areas where the resurvey in 2011
shows lowering of the glacier surface from the year before, which is shown in more detail on maps in following figures.
The smaller boxes (marked c and d) identify areas where overlapping survey lines on 7 and 8 August 2011 show a lowering
of the glacier surface between those two days in August 2011. Skyggdar yfirlitsmyndir af meelingunum 2010 (til vinstri) og
2011 (til heegri) d Myrdalsjokli dsamt 100 m (breidum) og 20 m (mjoum) hedarlinum. Storu rammarnir (merktir a og b) d
myndinni til vinstri afmarka sveedi par sem endurmcelingin 2011 synir ad yfirbord jokulsins seig frd drinu dour og synd eru
d myndum hér d eftir. Minni rammar (merktir ¢ og d) afimarka skorunarsveedi par sem fluglinur frd 7. og 8. dgust 2011 syna
ad jokulyfirbordio seig milli pessara tveggja meelidaga i dgiist 201 1.
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Figure 11. The change in the elevation of the glacier
surface of Myrdalsjokull from August 2010 to August
2011 (a box on the map in Figure 2 shows the location
of the area). A correction is made for a ~0.28 m ele-
vation difference outside of the cauldrons between the
surveys. Green curves show areas identified with Ro-
man numerals within which the integrated volume cor-
responding to the surface lowering was computed (see
text for explanations). Black arrows show direction of
outflow from cauldrons 16 and 9 and cauldrons 10 and
11. Contour lines show the glacier surface in August

2010. — Breyting d yfirbordsheed katlasveedisins d Myr-
dalsjokli milli dgiist 2010 og dguist 2011 (svedid er synt
med ramma d 2. mynd). Leidrétt er fyrir almennum
mismun d Yfirbordi jokulsins utan katlasvedanna milli
meelinganna 2010 og 2011 med pvi ad beeta 0,28 m vid
reiknada leekkun skv. heedarmeelingunum. Greenir ferlar
afmarka svedi audkennd med romverskum télustofum
par sem rimmdlsbreyting vid sig katlanna var reiknud
(sjd skyringar i texta). Svartar orvar syna straumstefnu
it vr kotlum 16 og 9 annars vegar og kotlum 10 og 11
hins vegar. Hedarlinur syna yfirbord jokulsins 2010.
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Jokulhlaup from Myrdalsjokull 2011 and Hofsjokull 2013

shows extended areas with several-metre lowering
downstream of the cauldrons, where the flow of flood
water presumably caused melting of the glacier sole
and release of ponded water outside the main caul-
drons. The surface lowering was possibly also to
some degree caused by erosion of the glacier bed.
This >500-m-wide path of lowering is initially to-
wards ESE from cauldrons 16 and 9 for a distance
of ~2km and abruptly turns towards NE for another
~2-3km. The path of lowering from cauldron 10 is
narrower and not as distinct and extends ~1km to-
wards S. The difference map also shows >10 m lower-
ing of cauldron 11, about 1 km NNW of cauldron 10,
which appears to have released additional flood water
after the IES radar profile measurements were carried
out on 11 July, as further discussed in a separate sub-
section below.

The lowering of the cauldron areas is shown in
more detail in Figures 12 and 13. The elevation
change was by far greatest in cauldron 16, which
was lowered by ca. 75m over a 50x200m SE-NV-
oriented area. A distinct shaft with near-vertical ice
walls and ca. 50 m diameter was formed by the col-
lapse of a part of the cauldron bottom where the low-
ering exceeded 100 m. The centre of cauldron 18 was
lowered by ca. S5m. The centre of cauldron 9 was
lowered by ca. 30 m, the centre of cauldron 10 by ca.
14m and the centre of cauldron 11 by ca. 20m, re-
spectively, between the 2010 and 2011 lidar surveys.

Figure 10A and Figure 11 have an irregular or
“orange-peel” texture on a length scale of ~10m that
is caused by inhomogeneous snow melting due to
the Eyjafjallajokull 2010 eruption. Tephra deposited
on the winter snowpack on Myrdalsjokull and other
glaciers in Iceland in the spring of 2010 caused prefer-
ential melting in a strikingly regular pattern of 1-2m
deep depressions over extended areas. This surface
roughness is not present in the 2011 lidar DEM of the
glacier surface. The roughness in the 2010 shadings
and irregularities in the 2011 minus 2010 difference
maps is, therefore, not due to errors in the 2010 lidar
DEM, which shows this interesting surface character-
istic in remarkable detail.

The lowering of the flood path towards SE down-
stream of cauldrons 9 and 16 shown in Figure 11 is

JOKULL No. 75, 2025

typically in the range 2-5m. There is, furthermore,
similar-magnitude lowering in several areas or side
branches that strike out from the main flood path (see
Fig. 11). There, meltwater may have been ponded be-
fore the jokulhlaup and released when the main caul-
drons emptied, or perhaps in the period after the flood
but before the August 2011 lidar survey, or alterna-
tively, basal melting in these areas may have been in-
tensified by flash-boiling in the geothermal system in-
duced by the lowering of water pressure associated
with the jokulhlaup.

The volume corresponding to the lowering of the
glacier surface

The volume corresponding to the lowering of the
glacier surface between the lidar surveys in August
2010 and August 2011 was calculated within five ar-
eas (see Fig. 11) that were delineated around the four
cauldrons, no. 16, 9, 10 and 11 and the downstream
flood path, where surface lowering was detected as
described above, see Table 2.

The elevation difference between the 2010 and
2011 lidar DEMs within a 200-m-wide buffer outside
of the cauldrons and inferred flood paths is mostly
within —1 and +2 metres with a median of +0.28 m,
so that the surface was a little higher in 2011 than in
2010. This median value was subtracted from the el-
evation difference shown in figures discussed above
(and added to the computed lowering) in order to
eliminate a bias that would otherwise have affected
volume estimates and other derived quantities. After
this bias correction has been made, the geometries of
the glacier surface in 2010 and 2011 within the 200-
m-wide buffer are quite close, with an interquartile
range of —0.57 to +0.55 m and NMAD of 0.83 m.

The volume corresponding to the surface lower-
ing between the lidar surveys in 2010 and 2011 is po-
tentially affected by inflow of ice into the cauldrons
and basal melting within the cauldrons themselves
and neighbouring areas in the intervening period, in
addition to the emptying of the subglacial water body
associated with the jokulhlaup. Indeed, monitoring of
the cauldrons by the IES indicates that the bottom of
cauldrons 16, 9, 10 and 11 rose by ~6, ~5, ~8, and
<1 m, respectively, from August 2010 until shortly be-
fore the jokulhlaup on 9 July 2011 (Gudmundsson and
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Figure 12. Shading (left) and the change in the elevation of the glacier surface (right) at cauldrons 16 and 9 in Myrdalsjokull
from August 2010 to August 2011 (box a on the map in Figure 10 shows the location of the area). The lowering near the
centre of cauldron 16 was ca. 75 m over an extended area and reached a maximum of over 100 m in the shaft to the NW of
the centre. The centre of cauldron 9 was lowered by ca. 30 m. — Skygging (til vinstri) og breyting d yfirbordsheed (til heegri)
katla 16 og 9 { Myrdalsjokli milli leysimeelinganna 2010 og 2011 (rammi a d mynd 10 synir svedid). I midju ketils 16 var
leekkunin ca. 75 m d nokkud storu sveedi en nddi hdmarki yfir 100 m i strokknum skammt nordvestan vid midju ketilsins.
Midja ketils 9 leekkadi hins vegar um ca. 30 m.

Table 2. Volume corresponding to the lowering of the glacier surface between August 2010 and August 2011 of cauldrons
and jokulhlaup paths on Myrdalsjokull associated with the jokulhlaup in Milakvisl in July 2011. The five areas used for the
volume computations are shown with green outlines identified with Roman numerals on the map in Fig. 11. Rimmadl sem
svarar til lekkunar yfirbords Myrdalsjokuls milli dgiist 2010 og dguist 2011 sem tengist jokulhlaupinu { Miilakvisl i juli 201 1.
Fimm svedi sem notud voru vid rimmdlsreikningana eru afmorkud med grenum ferlum d kortinu og merkt romverskum
tolustofum.

Volume
1

Cauldron/area (10° m?)
Cauldron 16 (I) 20.5
Cauldron 9 (II) 6.2
Jokulhlaup path from cauldrons 16 and 9 as well as side branches (V) 9.6
Cauldron 10 and jokulhlaup path (III) 4.1
Cauldron 11 (IV) 3.5
Cauldrons 16, 9 and 10, total 30.7
Cauldrons 16, 9 and 10 and jokulhlaup path, total 40.4
All cauldrons and jokulhlaup path, total 43.9
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Figure 13. Shading (left) and the change in the elevation of the glacier surface (right) at cauldrons 10 and 11 in Myrdals-
jokull from August 2010 to August 2011 (box b on the map in Figure 10 shows the location of the area). The lowering

near the centre of cauldron 10 was ca. 14 m and ca. 20 m near the centre of cauldron 11. — Skygging (til vinstri) og breyting

d yfirbordsheed (til heegri) katla 10 og 11 i Myrdalsjokli milli leysimeelinganna 2010 og 2011 (rammi b d mynd 10 synir

sveedid). I midju ketils 10 var lekkunin ca. 14 m og um 20 m i midju ketils 11.

Hognadéttir, 2011) (Figs. 14 and 15). The volume
corresponding to these surface elevation changes from
2010 to 2011 may be roughly estimated as ~1, ~0.3,
~0.4 and $0.05 million m® for these cauldrons, re-
spectively. This needs to be borne in mind when the
volume changes tabulated in Table 2 are interpreted.

Lowering of the glacier surface between 7 and 8 Au-
gust 2011

There is ca. 600 m overlap between adjacent swaths in
the aerial lidar mapping. During the processing of the
lidar data from 7 and 8 August 2011, the glacier sur-
face was found to have been lowered between those
two adjacent days in two several-hundred-metres-
wide areas. One of the areas is cauldron 11 (marked
c in Fig. 10A), which seems to have emptied sepa-
rately from the other three cauldrons about a month
after the main jokulhlaup on 9 July. The other area
(marked d in Fig. 10A) is ca. 4 km farther to the NNE.
The 2011 lidar DEM was created from lidar data from
8 August in these areas and separate smaller DEMs
created from the measurements from 7 August.

JOKULL No. 75, 2025

The centre of cauldron 11 was lowered by ca. §m
between 7 and 8 August (out of a total of 20m to-
tal lowering between the 2010 and 2011 DEMs) (Fig.
16, see also Fig. 15). The serendipitously discovered
lowering of this cauldron in August had a remarkably
regular cylindrically-symmetric geometry (Fig. 16A).
A 500-1000-m-long and 100-200-m-wide area far-
ther to the north was lowered by ca. 0.5 m during the
same time period (Fig. 16B). It is possible that the to-
tal volume of water that was released from cauldron
11 during the summer of 2011 was larger than indi-
cated in the fifth row of Table 2 since the cauldron
may have subsided further after 8 August in view of
the substantial subsidence over only ca. 24 hours be-
tween the 2011 surveys. The TanDEM-X DEM from
4 Sept. 2011 shows, however, that this possible ad-
ditional lowering was comparatively small (~2-3 m,
see Fig. 15). The other area (marked d in 10A) with
surface-elevation changes between the surveys in Au-
gust 2011 (Fig. 16B) is not known for such elevation
changes. The shape of the lowered area is rather irreg-
ular and it seems unlikely that the lowering is caused
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Figure 16. The change in the elevation of the glacier surface of Myrdalsjokull over a single day at two locations within
the overlap area of two survey lines on 7 and 8 August 2011 (boxes ¢ and d on the map in Fig. 10A show the locations
of the areas). Map A on the left (box c in Fig. 10A) shows that substantial lowering of cauldron 11 took place during the
two-day lidar survey in 2011, with a maximum lowering of almost 8 m near the centre of the cauldron. Map B on the right
(box d in Fig. 10A) shows that an area of similar size farther north was lowered by ca. 0.5 m between the two days. Note
the difference in the colour scale of the maps. — Breyting d yfirbordsheed d skorunarsvedi meelilina d Myrdalsjokli d einum
degi milli 7. og 8. dgiist 2011 (rammar ¢ og d d mynd 10A syna svedin). Mynd A til vinstri (rammi c) synir ad ketill 11

myndadist einmitt pegar leysimeelingarnar i dgiist 2011 foru fram og leekkadi midja ketilsins mest um teepa 8 metra d rimum
solarhring. Mynd B til heegri (rammi d) synir svedi af svipadri sterd sem lekkar u.p.b. 0,5 m milli meelidaganna. Athugio

mun d litakvaroa myndanna.

by spatial variations in surface melting or induced by
changes in the flow of the glacier. Thus, release of
ponded water at the base is the most likely cause for
the lowering, as for cauldron 11, although this is un-
certain.

Thermodynamics of the subglacial water flow

Table 2 shows that the volume corresponding to the
ice-surface lowering over the subglacial flood path
(area V in Fig. 11) from cauldrons 16 and 9 is approxi-
mately one third of the combined volume correspond-
ing to the lowering of those two cauldrons (areas I and
IT'in Fig. 11). The 2011 lidar DEM does not cover the
flood path below ca. 1150 m a.s.l. but the TanDEM-
X DEM from 4 Sept. 2011 shows that there is rather
irregular lowering of similar magnitude over a ~1-
2 km-wide area extending down to at least 800 m a.s.I.
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It is hard to say to what extent this extensive lower-
ing is caused by melting of the glacier sole by warm
flood water and subsequent sinking of the glacier into
the space previously occupied by the melted ice. The
lowering of a side branch towards S in the southern-
most part of area V in Figure 11 is likely to be caused
by emptying of cauldron 17 during and/or after the
flood on July 9, and similarly, the lowering of a side
branch towards SE from the main flood path is also
likely to be caused by emptying of ponded water at
the base during or after the main flood.

The longitudinal geometry of the lowering along
the main flood path (see Fig. 11), with greatest low-
ering near the cauldrons and tapering off with dis-
tance from the cauldrons, indicates basal melting due
to warm flood water. The steep glacier surface below
ca. 1150 m a.s.l. could also have been lowered due to
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ice dynamics induced by hydro-jacking during the ini-
tial phase of the jokulhlaup, as the glacier may be ex-
pected to have been near floatation then because of
high water pressure along the flood path. The flood
water would need to have had a temperature of 20-
30°C to melt out the flood path from cauldrons 16
and 9 down to ca. 1150m a.s.l. if a substantial part
of the volume corresponding to the lowering in this
area (area V in Fig. 11) is due to melting of basal
ice. This estimate is computed as the ratio of the
heat needed to melt the ice volume V4, correspond-
ing to the flood-path lowering, L p; V4, to the heat
released by cooling the water that flowed from caul-
drons 16 (volume V7) and 9 (volume V;;) by one de-
gree C, p,, (Vi + Vi), where L = 3.335-10° Jkg™*
and C, = 4,218Jkg ' K™' are the heat of fusion
and specific heat of water, respectively, and p; =
900kgm~3 and p,, = 1000kgm~3 are the density
of ice and water, respectively. The uncertainty of
this estimate is due to a possible error of £0.5m in
the bias-corrected DEM difference, as well as uncer-
tainty in the small correction made to take the ele-
vation increase of cauldrons 16 and 9 from the lidar
survey in August 2010 to the flood in July 2011 into
account, and uncertainties arising from possible ero-
sion of the glacier bed and release of potential energy.
The estimated water temperature also depends slightly
on whether the water released from the cauldrons is
mainly melted before or after the initial lidar survey. If
substantial ice melting extended farther downglacier
than to ca. 1150 m a.s.l., the water temperature would
need to be even higher, and correspondingly lower
if ice-dynamics and emptying of ponded basal wa-
ter caused part of the lowering above ca. 1150 m a.s.l.
The lowering along the main flood path could also to
some extent be caused by temporarily increased basal
melting after the main flood, see the discussion sec-
tion below, which would tend to lower the estimated
initial water temperature.

On the basis of the available measurements it is
not possible to derive an explicit estimate of the ini-
tial flood-water temperature. It seems likely from the
geometry of the surface lowering downstream of the
cauldrons, that ice melting due to warm flood water
is partly responsible for this lowering and, therefore,
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that the temperature of the flood water was on the or-
der of 10 °C to tens of degrees Celsius when the water
flowed out of the cauldrons. It is of course also possi-
ble, and perhaps more likely than not, that flood wa-
ter from cauldron 16 was warmer and the water from
cauldron 9 colder than this estimate. The flood path
from cauldrons 10 and 11, on the other hand, has pro-
portionally a much smaller volume relative to the vol-
ume of the cauldrons, indicating colder flood water re-
leased from those cauldrons. This order of magnitude
estimate for the temperature of the flood water from
cauldron 16, and possibly also cauldron 9, is of a sim-
ilar magnitude as has been suggested by for the 2011
jokulhlaup from Ko6ldukvislarjokull in Svedja (Magn-
usson et al., 2016) and the 2024 jokulhlaup from Myr-
dalsjokull in Leird/Skdlm (Magnisson et al., 2024),
which was >15 °C and ~40 °C, respectively.

Surface elevation changes of Hofsjokull in connec-
tion with the jokulhlaup in August 2013

Hofsjokull ice cap (Fig. 17) was resurveyed by li-
dar on 13 and 14 October 2013 (see Table 1), one
month and three weeks after the August jokulhlaup
in Vestari-Jokuls4, as part of a collaboration between
the IMO, the University of Innsbruck and the Austrian
company alpS GmbH.

Comparison of the 2013 lidar DEM in the summit
area of the ice cap, where the cauldron formed in late
August, with the earlier 2008 lidar DEM of the same
region (see Fig. 19) makes it possible to study the size
and geometry of the cauldron and to accurately calcu-
late the volume corresponding to the subsided area.

The glacier surface near the cauldron, but out-
side the area that subsided, had lowered between the
2008 and 2013 surveys. As for the 2011 cauldrons
in Myrdalsjokull, this difference was corrected by
subtracting the median elevation difference within a
200-m-wide buffer outside of the cauldron, which was
found to be —2.0 m. The geometries of the glacier sur-
face in 2008 and 2013 after the bias correction within
the buffer are again quite close, with an interquartile
range of —0.24 to +0.40 m and NMAD of 0.44 m. Af-
ter correcting for the general lowering, one finds that
the lowering near the centre of the cauldron reached
a maximum of 19 m (see a map of the bias-corrected
DEM difference in Fig. 19). The total volume corre-
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Figure 17. The surface of Hofsjokull according to a lidar survey on 13 and 14 October 2013. The area near the northern
margin of the summit caldera, where a cauldron was formed in August 2013, is shown with a black box. The outline of
the ice cap in 2010 is shown in red. The shading outside the lidar DEM of the glacier is based on IslandsDEM. — Yfirbord
Hofsjokuls skv. leysimeelingu 13. og 14. dgiist 2013. Svadio par sem sigketill myndadist i dguist 2013 d nordanverdum
hdjoklinum er synt med ramma. Utlina jokulsins drid 2010 er synd med raudum ferli.

sponding to the lowering was 4.1 million m® of ice,
which corresponds to 3.7 million m? of water if a sud-
den, localized increase in subglacial geothermal heat
flow caused increased melting of ice from the glacier
sole that then led to the jokulhlaup. However, if the
cauldron was formed by geothermal heat flow over a
longer time period, possibly in part over a larger area
than subsided in connection with the jokulhlaup, so
that water accumulated below the cauldron without
much lowering at the surface there, then the total vol-
ume of water released from the cauldron would be
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ca. 4.1 million m3. The former possibility must be
considered more likely for a jokulhlaup from an area
without previous history of jokulhlaups or surface el-
evation changes due to glacier floods. This estimate
for the volume of water released from the glacier is in
as good agreement as can be expected with the esti-
mated volume of the jokulhlaup in Vestari-Jokulsa by
Goddalabri, 4.3 million m3, presented earlier, when
uncertainties in the estimated flood discharge at God-
dalabru are considered.
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Figure 18. Shadings of the cauldron area near the northern margin of the summit caldera of Hofsjokull ice cap. The location
of the area is shown with a black box on Fig. 17. The map to the left shows the results of the lidar survey of TopScan/IMO
on 3 October 2008 and the map on the right the TopScan/UIBK survey on 13 and 14 October 2013. A green curve on the
2013 map shows the area used to compute the volume corresponding to the lowering of the glacier surface from 2008 to
2013. The maps show 10-m contours in addition to the shadings. — Skyggingar af sigketilssvedi { norourbriin Hofsjokuls-
dskjunnar. Svadid er synt med ramma d mynd 17. Myndin til vinstri synir leysimeelingu TopScan/Vi frd 3. oktéber 2008 en
myndin til hegri meelingu TopScan/UIBK frd 13. og 14. oktober 2013. Greenn ferill d 2013 kortinu afmarkar svedid sem
notad er til pess ao reikna rimmdl ketilsins. Syndar eru 10 m hedarlinur auk skyggingar.

As for Myrdalsjokull in 2011, the volume corre-
sponding to the surface lowering between the lidar
surveys of Hofsjokull in 2008 and 2013 is, in ad-
dition to the emptying of the subglacial water body
associated with the jokulhlaup, potentially affected
by inflow into the cauldron and basal melting within
the cauldron itself in the 5-year intervening period.
Spatial variations in surface mass balance or surface-
elevation changes induced by changes in the flow of
the glacier in the vicinity of the cauldron are also pos-
sible. The estimated volume change must, therefore,
be considered the consequence of various potential
processes acting over this comparatively long period.
However, repeated mapping of glaciers typically re-
veals that spatial variations in the glacier-surface ge-
ometry are quite stable over extended periods, when
large-scale elevation changes due to interannual mass-
balance and ice-flow variations are subtracted.
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Pléiades satellite photogrammetric mapping of
Hofsjokull in the fall of 2020 shows that the surface
geometry in the 2013 cauldron area had largely re-
covered (see Fig. 20). The glacier surface had ap-
proached the 2008 geometry within 1-2m when an
overall elevation change outside the cauldron was
subtracted. Thus, it seems likely that the measured
surface-elevation changes of the cauldron between
2008 and 2013 are mostly caused by subglacial melt-
ing induced by a localized increase in geothermal heat
flow and the subsequent collapse of the glacier surface
due to the emptying of the basal water body, despite
the long period between the lidar surveys. The 2021
and 2022 ArcticDEM strips show 4-5 m lowering of
the centre of the cauldron area between July 2021 and
July 2022, which is likely caused by the jokulhlaup in
September 2021 that was mentioned above. Since the
2022 ArcticDEM strip dates from almost a year after
the jokulhlaup, the initial lowering of the cauldron as
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Figure 19. The elevation difference between lidar surveys
on 13 and 14 October 2013 and 3 October 2008 in the area
of a subsidence cauldron near the northern margin of the
summit caldera of Hofsjokull ice cap. The difference is
corrected for a ~2 m general lowering of the area near the
cauldron between the surveys in 2008 and 2013. — Sigketill
i nordurbriin Hofsjokulsoskjunnar, mismunur leysimeelinga
TopScan 13. og 14. oktober 2013 og 3. oktéber 2008. Leio-
rétt er fyrir ~2m lekkun d svedinu neerri katlinum milli
meelinganna 2008 og 2013.

a consequence of the release of the flood must have
been greater than the elevation difference computed
from the DEMs, perhaps in the range 5-10m. Inter-
estingly, further comparison of the 2020 Pléiades and
2013 lidar DEMs reveals a ~300-m diameter and ~7-
m-deep cauldron on the SW side of the ice-cap sum-
mit (see Fig. 20 near the lower left corner) that must
have formed sometime in the period 2013 to 2020.

There is not much indication of glacier-surface
lowering along a possible flood path from the 2013
Hofsjokull cauldron. There is some lowering towards
N from the main cauldron, approximately ~200m
long and ~100 m wide with 1-2 m lowering (see Fig.
19). If this feature is formed by basal melting due to
the temperature of the flood water, the water would be
rather cold compared with flood water from cauldron
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Figure 20. The elevation difference between a Pléiades
DEM derived from images taken in early October 2020 and
the lidar survey in October 2013 on the summit of Hofsjok-
ull ice cap. The elevation of the upper accumulation area of
Hofsjokull generally increased by a few metres in this time
period, whereas the ablation area (not shown here) was low-
ered by 10 to 30 m. — Mismunur Pléiades landlikans sem
byggt er d fjarviddarljosmyndum i byrjun oktober 2020 og
leysimeelinga i oktober 2013.

16 in Myrdalsjokull in 2011, that is presumably colder
than 1°C.

DISCUSSION AND CONCLUSIONS

The cauldron-volume estimates derived above are
based on DEMs spanning a ~1-year period in the
case of Myrdalsjokull and ~5-year period for Hofs-
jokull. The time interval from the jokulhlaup to the
latter DEM is almost one month in case of Myrdals-
jokull and almost two months for Hofsjokull. Ice flow
into the newly formed depression from the time of the
flood to the lidar survey will tend to make the cauldron
shallower, but since ice is incompressible the reduc-
tion in the depth of the cauldron centre over this short
interval will be compensated by lowering of adjacent
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areas and those two changes may be assumed to can-
cel in the volume computations. Additional floods and
enhanced basal melting after the jokulhlaup but before
the latter lidar survey may also have an effect on the
volume estimate. In combination, the GNSS and ar-
ial radar-profile measurements, lidar and TanDEM-X
elevation measurements, show that flood water was
released from the cauldron source area over an ex-
tended period of time such that the initial sudden flood
only amounted to ~20% of the total amount of re-
leased water. Subglacial accumulation of water, ice
flow, interannual variations in snow drift patterns and
spatial variations in surface mass balance in the in-
terval from the initial lidar survey to the flood may
also affect the volume estimates. In spite of these un-
certainties, the geometric similarity of spatial varia-
tions in the glacier-surface elevation outside of caul-
dron and flood path areas makes it possible to derive
good estimates of the volume of floods released from
subglacial water bodies with the satellite and aerial
DEMs and elevation-profile measurements that have
become increasingly available in recent years.

For the 2011 jokulhlaup from Myrdalsjokull, the
large difference between the estimated volume of the
flood at Léreftshofud (7-8 million m®, Jénsson and
Pérarinsdéttir, 2011), the volume of cauldrons 16, 9
and 10 based on aerial profile measurements (18 mil-
lion m3, Gudmundsson and Hognadéttir, 2011), and
the total volume corresponding to the elevation dif-
ference of the 2011 and 2010 lidar DEMs (44 million
m?, Table 2) is interesting. As mentioned before, the
most likely explanation for the comparatively low vol-
ume of the 2-hour-long flood peak on 9 July compared
with the other volume estimates is that smaller floods
after the abrupt flash flood account for the difference
(Larsen et al., 2013). The factor-of-two difference
between the volumes estimated from profile measure-
ments and the lidar DEMs is partially explained by the
lowering of cauldron 18 shortly after the main flood
on 9 July (0.4 million m3), that was not included
in the analysis of the profile measurements, further
outflow from cauldron 11 after the profile measure-
ments were carried out (~3 million m®) and the vol-
ume corresponding to the surface lowering over the
subglacial jokulhlaup path (~10 million m3). This

20

shows the importance of taking into account the melt-
ing of ice along the subglacial flood path for jokul-
hlaups of the type that occurred in Mdlakvisl in 2011
where the initially warm flood water released from the
cauldron melts a substantial volume of ice on its way
downglacier. Cauldrons 16 and 9, as well as 10 and
11, also subsided further after the profile measure-
ments on July 11 (Figs. 14 and 15), which is likely
to explain part of the remaining ~10 million m*® vol-
ume loss. The difference may also be to some extent
explained by differences in integration methodology
between the calculations based on profiles, on the one
hand, and DEMSs, on the other, but other uncertainties
discussed above related to the accuracy of the DEMs
and the timing of the different measurements are also
possible explanations. It is, furthermore, possible that
part of the glacier-surface lowering along the flood
path, particularly in the steep part of the glacier below
ca. 1150m a.s.l.,, is caused by ice dynamics, as dis-
cussed above, and should not be counted as part of the
flood volume at all. These large differences show that
different methods to estimate the size of jokulhlaups
may be associated with larger errors or inconsisten-
cies than would perhaps be expected beforehand.

If flash-boiling in the geothermal system below
the glacier due to lowering of water pressure in the
subglacial hydraulic system during the 2011 jokul-
hlaup caused enhanced basal melting (Gudmundsson,
2013; Sgattoni et al., 2019; Einarsson et al., 2023),
it seems likely that such enhanced melting would last
longer than the jokulhlaup because of thermal iner-
tia in the crust. Continued lowering of the cauldron
source area and possibly also the downstream jokul-
hlaup path would then be expected until closure of
subglacial conduits by ice-flow has had time to seal
off the subglacial lakes so that they can again start
collecting water.

Jokulhlaup dynamics

Crude estimates of initial water-temperature have
been derived above for floods from subglacial water
bodies in Myrdalsjokull and Hofsjokull that released
jokulhlaups in 2011 and 2013. Similar estimates have
been derived for floods from Koldukvislarjokull in
2011 and Myrdalsjokull in 2024 (Magnusson et al.,
2016, 2024). These estimates indicate that tempera-
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ture of water bodies above subglacial geothermal ar-
eas can vary substantially between cauldrons and pre-
sumably also between years for the same cauldron.
Direct water-temperature measurements have been
carried out for the 100-m-deep Skaftd cauldron sub-
glacial lakes through ~300-m-long boreholes show-
ing temperature around 4 °C on several occasions (see
J6hannesson et al., 2007). Flood-water temperature
in the catastrophic jokulhlaup in Skeidard in Novem-
ber 1996, which reached a maximum discharge of
~50000 m?3 s~! on Skeidardrsandur (Snorrason et al.,
1997; Bjornsson, 2003), was estimated 8 °C at the
subglacial outflow location from Grimsvotn, based
on thermodynamic considerations (Bjornsson, 2003).
The rather large range in temperature spanned by all
those estimates and measurements indicates that lo-
cal, and perhaps transient, conditions determine tem-
perature in subglacial water bodies when jokulhlaups
are released, and that highly varying flood develop-
ment (e.g. rapidly- vs. slowly-rising jokulhlaups, see
Einarsson et al., 2016) for different floods may be
partly determined by the widely varying initial tem-
perature of the flood water.

Jokulhlaups from Hofsjokull

The formation of the cauldron near the northern mar-
gin of the summit caldera of Hofsjokull ice cap indi-
cates the existence of a subglacial geothermal area at
this location, presumably a high-temperature geother-
mal area. It is unclear whether the activity of a pre-
existing subglacial geothermal area increased prior to
the 2013 jokulhlaup or whether new activity started
in this area of the subglacial volcano that is known
to exist under the summit of Hofsjokull (Hjartarson,
2013). Hofsjokull is not mentioned in the review of
subglacial volcanic activity in Iceland by Gudmunds-
son (2005). Travellers and field workers have sev-
eral times reported sulphuric smell in the air near the
northern margin of Hofsjokull (Hjartarson, 2013; O.
Sigurdsson, pers. comm., December 2025), but traces
of geothermal fluids have until recently not been ob-
served in rivers issuing from this part of Hofsjokull in
spite of high-quality analysis of water samples (S.R.
Gislason, pers. comm., December 2025). Subglacial
geothermal areas have, furthermore, not been detected
in this part of the glacier by resistivity soundings (K.
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Arnason, pers. comm., December 2025). The small
jokulhlaup in 2018 from Bldgnipujokull on western
side of the ice cap mentioned above was associated
with reports of sulphuric smell from ice caves at the
glacier margin indicating the existence of an active
geothermal area beneath Blagnipujokull. At this same
location, a ~20-m-wide and >10-m-deep melt caul-
dron had been observed on 8 October 2004, during
the autumn mass-balance expedition on Hofsjokull (P.
borsteinsson, pers. comm., January 2026). A strong
stench of sulphur was noticed around that cauldron.

Glaciologists from the IMO and the Hydrological
Service of the National Energy Authority have since
1988 carried out annual mass-balance measurements
on Hofsjokull with expeditions in the spring and au-
tumn. They did not encounter cauldrons with notable
variations in surface elevation between these expedi-
tions until 2004 and 2013, again in 2021 at the same
location as in 2013, and then most recently in the
autumn expedition in November 2025, when another
small cauldron was discovered north of the margin of
the summit caldera, ca. 1.3km N of the 2013 caul-
dron (H. Hannesdéttir, pers. comm., November 2025).
This most recent cauldron has not released a notice-
able jokulhlaup so far but leakage of geothermal wa-
ter entering Vestari-Jokulsd has been detected by in-
creased electric conductivity in the river at Goddala-
bra between August and December 2025 (B. Einars-
son, pers. comm., December 2025).

It is not possible to say whether the jokulhlaups
in Vestari-Jokulsd in 2013 and 2021, and at Blagnipu-
jokull in 2018, as well as the formation of the caul-
drons discovered from the Pléiades 2020 DEM and in
the field expedition in November 2025, are isolated
events or the first floods and cauldron formations in
a new phase of geothermal and hydrological activity
in this or other parts of Hofsjokull. It is also not pos-
sible to say whether the recovery of the ice surface
geometry in the 2013 cauldron area is due to ice flow
towards the cauldron or refilling of a subglacial lake
over several years. The size and abruptness of pos-
sible future jokulhlaups from Hofsjokull is uncertain
but it is clear that they could be much larger than the
jokulhlaup in 2013, as evidenced by a jokulhlaup from
a “new” location at Koldukvislarjokull outlet glacier
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in W-Vatnajokull into Hagongulén reservoir on 13
July 2011, which reached a maximum discharge of
2200 m? s—* (Magndsson et al., 2016).

Jokulhlaup hazard

The jokulhlaup from Myrdalsjokull in July 2011 in
Mulakvisl was similar to sudden jokulhlaups from
Myrdalsjokull in 1955 in Milakvisl and Skdlm (P6r-
arinsson, 1957), in 1999 in Jokulsd 4 Sélheimasandi
(Sigurdsson et al., 2000), and in 2024 in Leird and
Skalm (Magndsson et al., 2024; IMO, 2024) in terms
of abruptness and peak discharge. As for the small
jokulhlaups from Hofsjokull and the medium-sized
jokulhlaup from Koldukvislarjokull in Vatnajokull in
Svedja, none of these jokulhlaups, apart from the
2011 jokulhlaup in Mulakvisl, were predicted and,
thus, no warnings were issued before the floods
reached roads or a hydropower reservoir. The hazard
potential of sudden jokulhlaups from subglacial wa-
ter bodies created by glacier-covered geothermal ar-
eas has received increasing attention in recent years
(cf. Hakonardéttir, 2018), among other things because
important infrastructure might be endangered. These
floods highlight the importance of improving the un-
derstanding of jokulhlaups and related flood hazards
and implementing appropriate warning systems where
this is practical, as well as showing caution and be-
ing aware of jokulhlaup hazard in areal planning and
in the design of infrastructure and other constructions
near glacier rivers. Crevasses formed during the sub-
sidence of cauldrons as a consequence of jokulhlaups
are hazardous for travellers on glaciers and require
continuous updating of crevasse maps that are avail-
able for the Icelandic glaciers (https://safetravel.is/is/-
outdoors/crevasse-maps).
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Joklar Islands voru kortlagdir med leysimalingum 4
drunum 2008-2013. Pann 9. juli 2011 vard jokulhlaup
i Mulakvisl sem rennur tr Kétlujokli { Myrdalsjokli.
Ték pad brina 4 4dnni og rauf par med hringveginn.
Um manudi eftir hlaupid var unnid landlikan af upp-
takasvaedi pess. Undir lok agust 2013 vard jokulhlaup
i Vestari-Jokulsd 1 Skagafirdi sem kom tr Satujokli
Hofsjokli. Tepum tveimur manudum sidar var unn-
i0 landlikan af upptakasvadi hlaupsins. Samanburd-
ur pessara landlikana vid leysimelingar frd pvi fyr-
ir hlaupin veitir dhugaverdar upplysingar um rimmal
hlaupanna og edli vatnsrennslis frd upptakasvaedun-
um undir joklinum. Landlikanid af Myrdalsjokli eft-
ir Mulakvislarhlaupid 2011 bendir til pess ad rammal
hlaupvatns sem fra joklinum rann { juli og dgust 2011
hafi verid mun meira en { fl6dtoppinum sjalfum p. 9.
juli. Pessi mismunur stafar annars vegar af vatnagangi
i Mulakvis] fra 9. juli fram { 4guist pegar katlar og
ymis Onnur svedi, sem ekki komu vid sdgu { adal-
hlaupinu, virdast hafa hlaupid, og hins vegar af vatni
sem rann frd svedum utan katlanna sem lekkudu {
adalhlaupinu og eftir pad. Landlikénin syna vidteka
lekkun yfirbords jokulsins marga kildmetra nidur eftir
hlaupfarveginum frd adalkotlunum, sem liklegast staf-
ar af bradnun iss vid botn jokulsins af voldum snarp-
heits hlaupvatns fra kotlunum. Ekki er unnt ad meta
hita hlaupvatnsins med ndkvaemni en landlikansaman-
burdur bendir til pess ad hitinn { dtrennsli frd megin-
kotlunum p. 9. juli hafi verid 4 sterdarprepinu 10 °C
til tugir grada 4 Celsius. A sidustu drum hafa prjd
jokulhlaup att upptok { Hofsjokli og prir katlar hafa
myndast { yfirbordi jokulsins. Hofsjokull var ekki
4 arum 40ur pekktur ad pvi ad par @ttu umtalsverd

JOKULL No. 75, 2025



Jokulhlaup from Myrdalsjokull 2011 and Hofsjokull 2013

jokulhlaup upptok. Pessi préun er tilefni til pess ad
fylgjast med jokulhlaupum fra Hofsjokli og geta ad
flédahttu { vatnsfollum sem fra joklinum falla. Mat
4 rammadli jokulhlaupsins { Vestari-Jokulsd, sem kom
undan Satujokli { dgdst 2013, med samanburdi land-
likana er { g60u samraemi vid mat 4 rennsli hlaups-
ins vid Goddalabrd i Skagafirdi. Landlikansaman-
burdurinn synir ekki mikla leekkun yfirbords jokuls-
ins nidur eftir flédfarvegi frd katlinum { nordurbrin
oskjunnar undir Hofsjokli par sem hlaupid atti upp-
tok. Pad bendir til pess ad dtrennslid dr katlinum hafi
verid nerri frostmarki. Pessar melingar og ymsar at-
huganir 4 66rum jokulhlaupum hér 4 landi sidustu ar
benda til pess ad hiti hlaupvatns sem rennur fré jard-
hitak6tlum undir joklum geti verid mjég mismunandi,
allt fra frostmarki upp { tugi grada 4 Celsius. Pessi
mismunandi hiti getur haft mikil dhrif 4 préun jokul-
hlaupanna og kann ad vera hluti skyringarinnar a pvi
ad jokulhlaup virdast geta préast 4 mjog mismunandi
veg { mismunandi tilfellum. Sum koma mjog snoggt
fram, jafnvel 4 innan vid klukkustund, en 6nnur vaxa
mun hegar yfir nokkurra daga timabil eda 4 einni til
tveimur vikum. Jokulhlaupid { Mudlakvisl 4rid 2011
er a0 morgu leyti svipad nokkrum 6drum skyndileg-
um jokulhlaupum frd Myrdalsjokli drin 1955, 1999
og 2024 og einnig jokulhlaupinu 4rid 2011 fra Koldu-
kvislarjokli, en pessi hlaup komu 6ll, nema Mula-
kvislarhlaupid 2011, fyrirvaralaust fram og 4n pess ad
vid peim veri varad. Hlaup bessi eru dminning um
ad geta ad hattu af voldum jokulhlaupa { sambandi
vid skipulag og hénnun innvida 1 grennd vid farvegi
jokulda og koma upp vidvorunarbinadi vegna jokul-
hlaupa par sem honum verdur vid komid.
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