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Mass balance analysis of ice sheets is a key component to understand the effects of global warming. A
significant component of ice sheet and shelf mass balance is iceberg calving, which can generate large
tsunamis endangering human beings and coastal infrastructure. Such iceberg-tsunamis have reached
amplitudes of 50 m and destroyed harbours. Calving icebergs interact with the surrounding water
through different mechanisms and we investigate five; A: capsizing, B: gravity-dominated fall,
C: buoyancy-dominated fall, D: gravity-dominated overturning and E: buoyancy-dominated
overturning. Gravity-dominated icebergs essentially fall into the water body whereas buoyancy-
dominated icebergs rise to the water surface. We find with unique large-scale laboratory experiments
that iceberg-tsunami heights from gravity-dominated mechanisms (B and D) are roughly an order
of magnitude larger than from A, C and E. A theoretical model for released iceberg energy supports
this finding and the measured wave periods upscaled to Greenlandic outlet glaciers agree with field
observations. Whilst existing empirical equations for landslide-tsunamis establish estimates of an upper
envelope of the maximum iceberg-tsunami heights, they fail to capture the physics of most iceberg-
tsunami mechanisms.

Land ice melt and retreat is one of the most visible effects of climate change and contributes ~1.5 mm/year to
the global sea-level rise of a total of ~2.7 mm/year'~>. Mass balance analysis of ice sheets and selves is thus a key
component to understand sea-level rise and the effects of global warming!>*~13, Iceberg calving accounts for most
of the mass loss from the Antarctic Ice Sheet® and for 32% of the Greenland Ice Sheet®'* between 2009-2012 of its
overall ice mass loss of approximately —269 + 51 Gt/year'?.

Iceberg calving is not only relevant for ice mass balance, but can also generate large tsunamis (Fig. 1). This
type of waves, called iceberg-tsunamis hereafter (short for iceberg-generated tsunamis), is the focus of this work.
Iceberg-tsunamis are typically observed in the summer season at grounded glaciers such as Helheim® and Eqip
Sermia'® and also for mountain glaciers including the Tasman Glacier!®. Their relevance as a natural hazard
and to stimulate additional iceberg calving has been highlighted in several recent studies®!'*!7-2%, Recorded
iceberg-tsunamis include an amplitude of 50 m at Eqip Sermia, Greenland, destroying infrastructure in 2014"
and a 24 cm large wave approximately 25 km from the Helheim outlet glacier in east Greenland?!. Of similar
interest are iceberg-tsunamis generated by capsizing icebergs'®*>?*, which may, however, generate significantly
smaller waves'®. Nevertheless, such an event destroyed a harbour in Greenland in 1995*. Such observed extreme
events raise the question which magnitude iceberg-tsunamis may reach and how dangerous they are for human
beings and our coastal infrastructure.
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Figure 1. Real and idealised iceberg calving and iceberg-tsunami generation. (a) Falling iceberg at Neko
Harbour, Antarctica (courtesy of Alek Komarnitsky - www.komar.org). (b) Overturning iceberg at Perito
Moreno Glacier, Argentina (photograph by Victor Qixiang Chen - http://photo.qyer.com/7259134/allphoto).
(c) Sketches of investigated idealised iceberg calving mechanisms from left to right: A: capsizing, B: gravity-
dominated fall, C: buoyancy-dominated fall, D: gravity-dominated overturning and E: buoyancy-dominated
overturning.

Figure 1a,b show iceberg calving events in nature. Depending on the initial position of the iceberg relative
to the water surface and the mass kinematics, the icebergs interact with the surrounding water via different
iceberg calving mechanisms®!”?°. We investigate the five idealised mechanisms illustrated in Fig. 1c namely
A: capsizing, B: gravity-dominated fall, C: buoyancy-dominated fall, D: gravity-dominated overturning and
E: buoyancy-dominated overturning. Gravity-dominated icebergs essentially fall into the water body whereas
buoyancy-dominated icebergs rise to the water surface.

In this article the tsunamigenic potentials of mechanisms A to E are investigated with unique large-scale
experiments conducted in a 50 m x 50 m wave basin at Deltares in Delft, The Netherlands. We quantify the maxi-
mum heights and energies of the associated iceberg-tsunamis and relate them to the theoretically released energies
of the icebergs. The work further links the new results to predictive methods of landslide-tsunamis to potentially
transfer knowledge from an established related research field to the relatively new field of iceberg-tsunamis.

Methods
Experimental set-up and conditions. Unique large-scale experiments have been conducted in the
50 m x 50 m large wave basin at Deltares (Figs 2 and 3a). This large size basin allowed the tsunamis to propa-
gate freely on an area of 40.3m X 33.9 m between absorbing beaches and basin boundaries. A total of 66 experi-
ments have been conducted at water depths of 1.00m or 0.75 m, respectively. Experimental conditions are given
in Table 1. The experiments involved 16 capsizing (mechanism A), 21 gravity-dominated fall (B), 9 buoyancy-
dominated fall (C), 14 gravity-dominated overturning (D) and 6 buoyancy-dominated overturning mechanisms
(E). Mechanism A was investigated offshore (Fig. 3b) and all other experiments were conducted at the vertical
boundary of the basin (Fig. 3a,c,d).

Icebergs were modelled with blocks consisting of polypropylene homopolymer (PPH) with a density
similar to ice (=920 kg/m?). The block sizes were 0.800 m x 0.500 m X 0.500 m (block type 1, Fig. 3a) and
0.800m x 0.500m x 0.250m (block type 2) and weighed approximately 187 kg and 92 kg, respectively (Table 1).

Calving mechanisms. The five iceberg calving mechanisms were controlled as follows; mechanism A
(Figs 1c, 2a and 3b, Supplementary Movie S1): the blocks rotated relative to a wooden rod fed through the centres
of the blocks. This rod allowed for rotation around the y-axis and translation in the z-direction only. The block cap-
sized either naturally or under a small force of approximately 1 N. This force was increased in some experiments
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Figure 2. Image series of our large-scale experiments conducted in the basin at a water depth of 1.00 m. (a)
Capsizing (mechanism A). (b) Gravity-dominated fall (B). (c) Buoyancy-dominated fall (C). (d) Gravity-
dominated overturning (D). (e), Buoyancy-dominated overturning (E). The shown examples of mechanisms A
and E were conducted with a 0.800 m x 0.500 m x 0.250 m block (type 2) and the two examples of mechanisms
B, Cand D with a 0.800 m x 0.500 m x 0.500 m block (type 1). Wave profiles and movies for the five mechanisms
are shown in Fig. 4 and the Supplementary Information.

to accelerate the rotation and wave generation. Mechanism B (Figs 1c, 2b and 3a, Supplementary Movie S2):
the blocks were held in position with an electromagnet via a winch system supported with a purpose-built
steel frame which was fixed to the basin wall. Mechanism C (Figs 1c and 2¢, Supplementary Movie S3): the
blocks were pulled under water with a rope attached to the centre of the block bottom. In addition, the blocks
were stabilised with a steel beam from above for some of the tests. Mechanisms D and E (Figs 1c and 2d,e,
Supplementary Movies S4 and S5): the blocks were rotated around a fixed steel rod of 30 mm diameter. This rod
was fed through two ball bearings attached to the block surface and allowed for rotation, but no translation. The
rod was located either below (mechanism D) or above (mechanism E) the blocks. The blocks were stabilised with
a steel beam from above (Fig. 2e) for some experiments of mechanism E.

Mass kinematics and wave probes.  The maximum block velocity V; corresponding to the fastest moving
section of the block was recorded with a 9 degree of freedom motion sensor. The sensor was attached to the block
surfaces as shown in the Supplementary Movies S1 to S5 which were recorded with a 5 MP camera at 15Hz. Wave
profiles were recorded in different directions on one side of the block axis, given that the wave field is symmetric
in relation to this axis, with resistance type wave gauges. The positions of the camera and wave probes are shown
in Fig. 3b,d.

Results

Wave characteristics. Wave characteristics, including the maximum wave height, are of primary rele-
vance to understand iceberg-tsunamis and associated hazards. The free water surface 7 versus time ¢ of the five
experiments shown in Fig. 2 are presented in Fig. 4. These wave profiles were all measured at relative radial
distance r/h =2 from the origin with r specifying the radial coordinate and h the still water depth (Fig. 3b,d).
Cylindrical coordinates are used to characterise the wave location as the waves propagate on a circle (Fig. 3b)
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Figure 3. Experimental set-up. (a) Picture of iceberg block type 1 (0.800m x 0.500m x 0.500 m) in the gravity-
dominated fall release position (mechanism B) at the wall of the 50 m x 50 m wave basin. (b) Plan view of
capsizing case. The wave probes Al to A9 at r=2h are located at y=0°, —15°, —30°, —60°, —90°, —120°, —150°,
—165° and —180°. (c) Side view of a gravity-dominated fall experiment. (d) Plan view of a gravity-dominated
fall experiment with wave probe locations. The wave probes B1 to B6 at r=2 h are located at y=0°, —15°, —30°,
—45°, —60° and —75°.

or semi-circle (Fig. 3d) of radius r and wave propagation angle +. The scales on the y-axes in Fig. 4 vary by up to
a factor of 20. Significantly different wave heights in function of the mechanisms A to E are revealed; the gravi-
ty-dominated overturning mechanism D resulted in the largest tsunamis followed by the gravity-dominated fall
mechanism B. The three remaining mechanisms resulted in up to a factor of 27 smaller waves.

The wave trains consist of several nonlinear waves for all mechanisms and show some similarities to subaerial
landslide-tsunamis®>*. The largest wave is observed in the middle of the wave train for the slower moving mecha-
nisms A, C and E. For the gravity-dominated mechanisms B and D the largest wave is observed earlier in the wave
train, but not always at the first wave (Fig. 4).

Released energy and maximum wave heights.  An aim of this work is to experimentally quantify the
maximum iceberg-tsunami heights as a function of the mechanisms A to E and the iceberg volume, geometry and
kinematics (Table 1). A key parameter to quantify the tsunami features is the released energy E from the iceberg
block to the surrounding water. It is convenient to link the tsunami features to this energy as an estimate of E can
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Blocktype |1 2 2 1 2 1 1 2 2 1 2 2 2

?(lx‘:f)kle“gth 0.800 | 0.800 0.500 0.800 0.800 0.500 0.500 0.500 0.500 0.800 0.800 0.500 0.500

lgl(ﬁl)‘w‘dth 0.500 | 0.500 0.800 0.500 0.500 0.800 0.800 0.800 0.800 0.500 0.500 0.800 0.800

Block

thicknesss | 0.500 | 0.250 0.250 0.500 0.250 0.500 0.500 0.250 0.250 0.500 0.250 0250 0.250

(m)

Block

volume ¥~ |0.200  |0.100 0.100 0.200 0.100 0.200 0.200 0.100 0.100 0.200 0.100 0.100 0.100

(m?)

ﬁl?ﬁl;/if?)sw 929 924 924 936/923 936/912 | 936/923 936/923 936/912 | 936/912 | 936/923 912 912 936/912

X

Mass m, (kg) | 1858  |92.4 923 187.1/184.6 |93.6/91.2 | 187.1/184.6 | 187.1/184.6 |93.6/91.2 |93.6/91.2 |187.1/184.6 |91.2 91.2 93.6/91.2

hW(aI;e)r depth |1 500 | 1.000 1.000 1.000 1.000 1.000 0.750 1.000 0.750 1.000 1.000 1.000 0.750

Release 0.30, 0.00.

2 0.00, 0.00, 250, 900, 0.30, 0.00, 0.15,0.00, |0.15,0.00,

position | Neutrally | Neutrally | Neutrally | —0.30, —030, | o3 020000 g 50, 030,000 | 30, —030, | %45,000. 1015 0.0

water level buoyant |buoyant |buoyant |—0.60, —0.60, _070, 060 —0.60, 060 —0.60, —0.60, 060 060
—0.84 —0.83 goe - —0.83 - ~0.90 ~0.90 - -

(m) —0.83

Number of | 5, 6" 5+ 6" 4 7+ 4 5 4 5 5 4 6"

runs

Table 1. Experimental conditions. Overview of all investigated test parameters in the 66 experiments; The
block densities changed slightly with the attachments to the blocks (rod, bearing, etc.); The number of runs
indicated with * include test repetitions.
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< 0.000
<

~0.003
b _ 0.040
E 0.000
<
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¢ __ 0012
E 0.000
<
~0.012
d __ 0.060
E 0.000
~0.060
e 0003
E 0.000
<

—0.003
0

Capsizing (A), ¥ = 90°

Gravity-dominated fall (B), y = 75°|—

10 20

Figure 4. Iceberg-tsunami profiles of the five iceberg calving mechanisms A to E shown in Fig. 2. These
tsunami profiles were recorded at (r/h =2, ) where the maximum wave height H,,; was measured. (a) Capsizing
mechanism A. (b) Gravity-dominated fall mechanism B. (c) Buoyancy-dominated fall mechanism C. (d)
Gravity-dominated overturning mechanism D. (e) Buoyancy-dominated overturning mechanism E. The scale
on the y-axes change by up to a factor of 20.

readily be derived from the geometry and position of the iceberg relative to the water surface, and no information
about the speed of the iceberg movement is required. Released energy is transferred into the tsunami train, with
losses in bobbing and rocking motions of the block and water system, viscous energy dissipation, friction losses
in the experimental set-up (bearings, rod) and sometimes block impact on the basin floor in our laboratory
experiments whilst in the field additional mechanisms such as the movement of the surrounding ice mélange? or
the mixing of the stratified water may consume additional energy'$*.
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Figure 5. Measured maximum wave heights Hy, for all 66 experiments. (a) H), versus released block energy

E showing that the gravity-dominated mechanisms B and D (black symbols) generate typically an order

of magnitude larger tsunamis than the capsizing and buoyancy-dominated mechanisms A, C and E (grey
symbols). (b) Relative maximum wave height H,,/h versus dimensionless energy E/(h*gp,,) (for notation see a).
(c) Measured H,,/h versus Impulse Product Parameter P and (-) empirical equation for landslide-tsunamis®
resulting in an estimate of an upper envelope for all mechanisms (for notation see a). (d) Measured H),/h versus
predicted Hy/h based on empirical equation for landslide-tsunamis®® with (-) perfect agreement (for notation
see a). The inserts show details of the data. The absolute and relative measurement errors are shown in Table 2.
The shown data are included in the Supplementary Spreadsheet S1.

The released energy E of the blocks during capsizing was theoretically computed with an available method®. E
is the difference between the work required to move the iceberg block in the initial (W;) and final (W)) positions
to a common reference level above the water surface by considering gravity force and hydrostatic pressure force

E=W - W= %bpigslz(l - s/l)[l - ﬁ]

By (1)

In equation (1) b, l and s are the block width, height and thickness (Fig. 3¢,d), g is the gravitational acceleration
and p; and p,, is the ice and water density, respectively. We expanded this method for the capsizing mechanism
A to all other mechanisms B to E. Graphical illustrations and the theoretical expressions for work and released
energy are shown in the Supplementary Table S1.

Released energy is then related in Fig. 5a to the measured maximum tsunami height H;;, which was always
observed at a wave probe location at r/h =2 (Fig. 3b,d) for all five mechanisms. Figure 5a reveals that the
gravity-dominated overturning mechanism D generates the largest waves followed by the gravity-dominated fall
mechanism B, in agreement with theoretical predictions®*. Mechanism D may generate larger tsunamis than B as
the blocks move closer to the measurement location (Fig. 2). H), of mechanism A are considerable smaller and
reach 0.6 to 1.1% of the initial vertical dimension of the mass for naturally capsizing icebergs in good agreement
with previous theoretical estimates of 1%'%%. The two remaining calving mechanisms C and E result in signifi-
cantly smaller waves than mechanisms B and D. The released energy E supports this important finding; E is up
to an order of magnitude larger for mechanisms B and D than for A, C and E. This notable result reveals that ice-
bergs of a given volume and geometry released above the water surface are significantly more hazardous in terms
of tsunami generation than neutrally buoyant icebergs or icebergs released underwater.

Data scatter significantly reduces in Fig. 5b where H,; and E are plotted in dimensionless form with the
water depth h, gravitational acceleration g and water density p,, as reference quantities. The maximum relative
wave height observed over all experiments is Hy,/h = 0.160 for the gravity-dominated mechanisms B and
D and only H)/h =0.020 for the remaining mechanisms. Limitations to avoid significant scale effects for
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Iceberg block parameter Absolute errors (top) and relative errors (bottom)

Water depth h Ah=40.003m

Block thickness s As=40.001m

Block width b Ab= 40.001m

Block length Al= £0.001m

Mass m; Am,= £0.050kg

Block velocity V AV,=40.05m/s*; AV,= £0.08m/s% AV,= +0.03m/s% AV,= £0.05m/s?; AV,= +0.03m/s®

Slope angle «

Aa==+£1.0°

Maximum wave period Ty,

ATy =40.03s

Maximum wave height H,, and
amplitude a,,

AH,, = Aay; = £0.002m (for tsunamis affected by air and splash); AH,, = Aa,;= £0.0002m
(for pure water tsunamis)

Froude number F=V/(gh)'"? AR (%)\2 i (A_g)2 N (M)Z — £0.097% £0.2308; -£0.110C; +0.085P; 0,094
[E| Vs 2 2h
Relative block thickness S=s/h As  [(as\ L (any?: _
Sl (T) + (T) =40.006
Relative mass M =m/(p,,bh?) AM _ (Ams)z . Apy . 4 (&)2 . (@)2 — 40008
N A P b h
Impulse Product Parameter P AP AV (A (Am\ | (tanl6/ DalAa\E | (Mg | [3AK\? A,
(equation (2) S G ) ) (e - () (5 (5) + ()
=40.103%; £0.232% £0.115% £0.091°; +-0.100"
Maximum relative wave height Hy/h A(H_M) /‘H_M ‘ . (AHM )2 . ( an )z — +0.051 (for al tsunamis)
w ) | M T

Table 2. Absolute and relative measurement errors®. The absolute errors are shown on the top and their
propagation into the dimensionless parameters on the bottom resulting in the specified relative errors. The
superscripts A, B, C, D and E refer to the five iceberg calving mechanisms. The largest uncertainty is associated
with the block velocity. The measurement errors for the water density and gravitational acceleration are set as
Ap, = Ag=0. Most of the uncertainties for F, S, M, P and H,/h for the individual experiments are significantly
smaller than the specified values for the most uncertain experiments.

the maximum landslide-tsunami amplitude have been formulated in terms of a limiting Reynolds number
R=g¢"?h*?/v,,> 300,000 and Weber number W = p, gh*/c,,> 5,000%. For our iceberg-tsunami experiments
2,033,835 <R <3,131,294 and 75,552 < W < 134,315, based on a kinematic viscosity v, = 107¢ m?/s and surface
tension o,,= 0.073 N/m at the water temperature of 19.3 °C in our experiments. The kinematic viscosity for a sea
temperature of 0 °C approximately observed around Greenland is with v, = 1.8 x 107® m?*/s lower than in the
laboratory, improving the laboratory experiments to field similarity further as the lower temperature reduces R
observed in nature by nearly a factor of two to R a2 2 — 39 x 10° (at h =125 to 800 m). Scale effects are therefore
expected to be insignificant and the figures in Fig. 5b may directly be transferred to field conditions based on
Froude scaling®.

For a water depth h = 125m observed in the fjord of the Eqip Sermia Glacier'?, the investigated scenarios
result in maximum wave heights of up to 20.0 m (mechanisms B and D) and 2.5 m for the three remaining mech-
anisms. The measured wave periods of the maximum wave heights are 0.36 to 2.09s at laboratory scale (Fig. S1)
corresponding to a period of up to 23.4s in nature after Froude scaling® (at scale 1:125). This results in a wave-
length of 694 m by using the linear wave dispersion relation (Supplementary Methods). For a scale of 1:800 match-
ing a water depth h & 800 m for typical Greenlandic settings such as the Helheim Glacier® and Jakobshavn Isbra?,
the maximum wave height of mechanisms B and D is unlikely to be reached due to the limited iceberg thickness
above water. However, mechanisms A, C and E would be predicted to result in a maximum wave height of up
to 16.0 m. The corresponding maximum period is 59.1's (4431 m wavelength), and is found to be in agreement
with measured wave periods of 30-60s in the field'%. Most iceberg-tsunami periods are thus much larger than
for typical gravity ocean waves (10s), and show similarities to the lower spectrum of landslide-tsunamis?>?¢3%31,

Tsunami train energy. The energy E,, of the wave train passing the circle (Fig. 3b) or semi-circle (Fig. 3d),
respectively, located at r/h =2 was calculated with the method given in the Supplementary Information. The
energy E, accounts for 0.6 to 56.9% of the released energy E over all mechanisms. Bobbing and rocking motions
of the block and water system, viscous energy dissipation, friction losses in the experimental set-up and block
impact on the basin floor tend to consume most of the released energy E. The most efficient wave generator is
the gravity-dominated fall mechanism B (4.7 to 56.9% of E becomes contained in the wave train) followed by
the gravity-dominated overturning mechanism D (2.4 to 41.8%), buoyancy-dominated fall mechanism C (5.1 to
18.6%) and natural capsizing mechanism A (2.8 to 5.0%). The buoyancy-dominated overturning mechanism E
is the most ineflicient wave generator (0.6 to 1.0%). The values for the naturally capsizing cases (2.8 to 5.0%) are
significantly larger than 1% found for iceberg-tsunami trains in confined small flume experiments'®. The efficien-
cies for the gravity-dominated fall mechanisms (4.7 to 56.9%) are similar to solid subaerial landslide-tsunamis
generated in a confined flume where 18 and 47%* and 6 to 40%>? of the kinetic slide energy was converted to the
primary wave, but larger than for granular slides impacting into a wave basin where only 1 to 15% of the kinetic
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slide energy was converted into the wave train®'. Icebergs interact with the surrounding water more efficiently
than granular slides which dissipate energy due to internal and basal friction as well as the impact on the flume
or basin floor.

Comparison with landslide-tsunamis. Our present knowledge of iceberg-tsunamis relies mainly on field
observations”!41>171921 ‘theoretical work?*?*?* and small flume experiments'®. In order to potentially transfer
knowledge from the significantly further advanced landslide-tsunami research field, we link our results to subae-
rial landslide-tsunamis>2?%2$30-38 In addition, the measured maximum wave heights are compared with empirical
landslide-tsunami height prediction equations®>*® in Fig. 5¢,d. Figure 5¢ shows H,,/h versus the Impulse Product
Parameter P, developed for landslide-tsunamis®, given as

12

} (2)

P= FS”ZM““{COSHg]a

F=V,/(gh)"? in equation (2) is the slide Froude number with the slide impact velocity V, the gravitational
acceleration g and the water depth h, S=s/h is the relative slide thickness with the slide thickness s, M =m,/
(p,bh?) is the relative slide mass with the slide mass m,, the water density p,, and the slide width b and « is the
hill slope angle. The slide impact velocity is represented by the maximum block velocity 0.27 < V,<4.17m/s in
our study and all slide parameters are replaced by the corresponding iceberg block parameters shown in Table 1
resulting in 0.09 <F <1.33,0.25<5<0.67, 0.11 <M <0.42, v=90° and 0.01 <P <0.32. Measurement errors
for these parameters are shown in Table 2. The parameter limitations in the original study®® can be found in the
Supplementary Methods; the experiments included slide densities lighter than water and vertical shores (o =90°).
However, they were conducted with granular slides impacting into a flume® with a similar geometry as the first
section of the Helheim glacier fjord?! and small-scale iceberg-tsunami experiments'®. Granular rather than solid
slides and a flume rather than a basin geometry are potential reasons for deviations between the measurements
and the predictions in Fig. 5¢*>263%%,

Figure 5d shows the measured versus the predicted relative maximum wave heights Hy/h based on
landslide-tsunami experiments®® conducted in a basin with mesh-packed granular material including tests with
a=90° (Supplementary Methods). A main difference of the landslide-tsunami experiments*® compared to our
study is that a larger bulk slide density of 1338 kg/m® was used, which may be the reason for the systematic
overprediction of small wave heights in Fig. 5d. Overall, the gravity-dominated mechanisms B and D are clearly
better predicted by landslide-tsunami models*** than the capsizing A and buoyancy-dominated mechanisms C
and E. This was expected given that the physics of mechanisms A, C and E are very different from B, D and thus,
subaerial landslide-tsunamis. Both methods®**¢ are valuable in the sense that they establish estimates of an upper
envelope for the maximum iceberg-tsunami heights.

Discussion

Quantification of the maximum wave height as a function of the iceberg calving mechanism is important to
protect coastal infrastructure and vessels navigating in proximity of glacier calving fronts. Our results reveal
that iceberg-tsunamis generated by the gravity-dominated mechanisms B and D can be more than an order of
magnitude larger than of capsizing or buoyancy-dominated processes for a given iceberg volume and geometry.
However, not considered in this comparison is the fact that icebergs may move in proximity of a critical loca-
tion, e.g. in front of a harbour, such that the significantly smaller iceberg-tsunamis originating from capsizing
still resulted in large destruction in the recent past**. Further, deviations of the idealised conditions investigated
herein including the iceberg geometry, the water body geometry and the coastal geometry and bathymetry will
also significantly affect the iceberg-tsunamis?>>>3437:38,

The 50 m large iceberg-tsunami observed in 2014 at Eqip Sermia'® (mechanism B) was successfully replicated
with a landslide-tsunami hazard assessment method?®. This motivated us to compare the measured maximum
iceberg-tsunami heights with empirical equations based on landslide-tsunamis. Whilst the empirical equations
of landslide-tsunamis®** are able to provide estimates of an upper envelope for the maximum iceberg-tsunami
heights, they fail to predict the behaviour of the capsizing A and buoyancy-dominated mechanisms C and E
(Fig. 5¢,d). Additional, empirical landslide-tsunami equations?>2%*! were found to be less capable in predict-
ing iceberg-tsunamis than the two selected equations®**, probably because their experimental conditions
are significantly different from our experiments (Table 1). Whilst knowledge from the significantly further
advanced landslide-tsunami research field may help to give initial estimates for iceberg-tsunamis, particularly for
mechanism B'?, transferred knowledge from landslide-tsunamis cannot replace the requirement to further study
iceberg-tsunamis.

Conclusions
Unique large-scale experiments have been conducted in a 50 m x 50 m wave basin to investigate iceberg-tsunamis
with up to 187 kg heavy blocks under variation of the iceberg volume, geometry and kinematics. The blocks inter-
acted with the surrounding water through five iceberg calving mechanisms A: capsizing, B: gravity-dominated
fall, C: buoyancy-dominated fall, D: gravity-dominated overturning and E: buoyancy-dominated overturning.
The tsunami heights generated by mechanisms B and D (gravity-dominated) were roughly an order of mag-
nitude larger than from mechanisms A, C and E. A theoretical model for the capsizing case was applied to the
remaining mechanisms to compute the released iceberg energy, supporting that gravity-dominated iceberg calv-
ing generate the largest waves. However, only between 0.6 to 56.9% of the released energy is transferred into the
wave train with the rest lost in other processes. Results were upscaled to Greenlandic outlet glaciers and the wave
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periods agree well with field observations. The iceberg-tsunamis were also predicted with empirical equations
for landslide-tsunamis resulting in a good match for some gravity dominated cases and estimates of an upper
envelope of the maximum iceberg-tsunami heights over all mechanisms. However, these equations fail to capture
the physics of most iceberg-tsunami mechanisms such that the new research field of iceberg-tsunamis requires
more attention.

Data Availability
The raw data of this study is available from http://hydralab.eu/ and the processed data is included in the Supple-
mentary Spreadsheet S1.

References

1.

oUW

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.
21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.
37.

38.

39.

Box, J. E. & Colgan, W. T. Sea level rise contribution from Arctic land ice: 1850-2100. In: Snow; Water, Ice and Permafrost in the Arctic
(SWIPA) 2017.219-230. Arctic Monitoring and Assessment Programme (AMAP), Oslo, Norway (2017).

. Hanna, E. et al. Ice-sheet mass balance and climate change. Nature 498, 51-59 (2013).
. Nick, E M. et al. Future sea-level rise from Greenland’s main outlet glaciers in a warming climate. Nature 497, 235-238 (2013).

strom, J. A. et al. Termini of calving glaciers as self-organized critical systems. Nature Geosci. 7, 874-878 (2014).

. Bassis, J. N. & Jacobs, S. Diverse calving patterns linked to glacier geometry. Nature Geosci. 6, 833-836 (2013).
. Benn, D. I, Warren, C. R. & Mottram, R. H. Calving processes and the dynamics of calving glaciers. Earth-Sci. Rev. 82, 143-179

(2007).

. Burgess, D. O., Sharp, M. ., Mair, D. W. E, Dowdeswell, J. A. & Benham, T. J. Flow dynamics and iceberg calving rates of Devon ice

cap, Nunavut, Canada. J. Glaciol. 51(173), 219-230 (2005).

. Enderlin, E. M. et al. An improved mass budget for the Greenland ice sheet. Geophys. Res. Lett. 41, 866-872 (2014).
. Felikson, D. et al. Inland thinning on the Greenland ice sheet controlled by outlet glacier geometry. Nature Geosci. 10, 366-369

(2017).

Howat, I. M., Joughin, I. & Scambos, T. A. Rapid changes in ice discharge from Greenland outlet glaciers. Science 315, 1559-1561
(2007).

Joughin, I, Smith, B. E., Howat, I. M., Moon, T. & Scambos, T. A. A SAR record of early 21st century change in Greenland. J. Glaciol.
62(231), 62-71 (2016).

McMillan, M. et al. A high-resolution record of Greenland mass balance. Geophys. Res. Lett. 43, 7002-7010 (2016).

Nick, E. M., Vieli, A., Howat, I. M. & Joughin, I. Large-scale changes in Greenland outlet glacier dynamics triggered at the terminus.
Nature Geosci. 2, 110-114 (2009).

Amundson, J. M. et al. Glacier, fjord, and seismic response to recent large calving events, Jakobshavn Isbree, Greenland. Geophys. Res.
35(L22501) (2008).

Liithi, M. P. & Vieli, A. Multi-method observation and analysis of a tsunami caused by glacier calving. The Cryosphere 10, 995-1002
(2016).

Dykes, R. C., Brook, M. S. & Lube, G. A major ice-calving event at Tasman Glacier terminus, Southern Alps, 22 February 2011. J.
Roy. Soc. New Zeal. 47(4), 336-343 (2016).

MacAyeal, D. R., Okal, E. A., Aster, R. C. & Bassis, J. N. Seismic observations of glaciogenic ocean waves (micro-tsunamis) on
icebergs and ice shelves. J. Glaciol. 55(190), 193-206 (2009).

Burton, J. C. et al. Laboratory investigations of iceberg capsize dynamics, energy dissipation and tsunamigenesis. J. Geophys. Res.
117(F01007) (2012).

Marchenko, A. V., Morozov, E. G. & Muzylev, S. V. A tsunami wave recorded near a glacier front. Nat. Hazards Earth Syst. Sci. 12,
415-419 (2012).

Massel, S. R. & Przyborska, A. Surface wave generation due to glacier calving. Oceanologia 55(1), 101-127 (2013).

Varnkovd, I. & Holland, D. M. Calving signature in ocean waves at Helheim Glacier and Sermilik Fjord, East Greenland. J. Phys.
Oceanogr. 46(10), 2925-2941 (2016).

Levermann, A. When glacial giants roll over. Nature 472, 43-44 (2011).

MacAyeal, D. R., Abbot, D. S. & Sergienko, O. V. Iceberg-capsize tsunamigenesis. Ann. Glaciol. 52(58), 51-56 (2011).

N24. Tsunami Greenland - Tsunami Groelandia 1995. Online under https://www.youtube.com/watch?vz8LWSOPwkn8. (in
German, 2009).

Heller, V. & Spinneken, J. On the effect of the water body geometry on landslide-tsunamis: physical insight from laboratory tests and
2D to 3D wave parameter transformation. Coast. Eng. 104(10), 113-134 (2015).

Panizzo, A., De Girolamo, P. & Petaccia, A. Forecasting impulse waves generated by subaerial landslides. J. Geophys. Res.
110(C12025), 1-23 (2005).

Amundson, J. M. et al. Ice mélange dynamics and implications for terminus stability, Jakobshavn Isbrae, Greenland. J. Geophys. Res.
115(F01005) (2010).

Heller, V., Hager, W. H. & Minor, H.-E. Scale effects in subaerial landslide generated impulse waves. Exp. Fluids 44(5), 691-703
(2008).

Hughes, S. A. Advanced series on ocean engineering 7. Physical models and laboratory techniques in coastal engineering. (World
Scientific, 1993).

Heller, V. & Hager, W. H. Impulse product parameter in landslide generated impulse waves. J. Waterw. Port C-ASCE 136(3), 145-155
(2010).

Mohammed, F & Fritz, H. M. Physical modeling of tsunamis generated by three-dimensional deformable granular landslides. J.
Geophys. Res. 117(C11015), 1-20 (2012).

Heller, V., Bruggemann, M., Spinneken, J. & Rogers, B. Composite modelling of subaerial landslide-tsunamis in different water body
geometries and novel insight into slide and wave kinematics. Coast. Eng. 109(3), 20-41 (2016).

Ataie-Ashtiani, B. & Nik-Khah, A. Impulsive waves caused by subaerial landslides. Environ. Fluid Mech. 8(3), 263-280 (2008).
Yavari-Ramshe, S. & Ataie- Ashtani, B. Numerical modelling of subaerial and submarine landslide-generated tsunami waves - recent
advances and future challenges. Landslides 13(6), 1325-1368 (2016).

Zitti, G., Ancey, C., Postacchini, M. & Brocchini, M. Impulse waves generated by snow avalanches: momentum and energy transfer
to a water body. J. Geophys. Res. Earth Surf., 121 (2016).

Evers, E. Spatial propagation of landslide generated impulse waves. PhD thesis 24650 (ETH Zurich, 2017).

Heller, V. & Spinneken, J. Improved landslide-tsunami predictions: effects of block model parameters and slide model. J. Geophys.
Res.-Oceans 118(3), 1489-1507 (2013).

Heller, V., Hager, W. H. & Minor, H.-E. Landslide generated impulse waves in reservoirs - basics and computation. VAW Mitteilung
211. Boes, R. ed. (ETH Zurich, 2009).

Bevington, P. R. & Robinson, D. K. Data reduction and error analysis for the physical sciences. Third ed. (McGraw-Hill Higher
Education, 2003).

SCIENTIFIC REPORTS |

(2019) 9:861 | https://doi.org/10.1038/s41598-018-36634-3 9


https://doi.org/10.1038/s41598-018-36634-3
http://hydralab.eu/
https://www.youtube.com/watch?vz8LWSOPwkn8

www.nature.com/scientificreports/

Acknowledgements

The personnel at Deltares is acknowledged for the excellent support prior and during the test campaign. Thanks
go to the former students Mr Sheng Yang for conducting a pre-study in a small flume and Miss Elsa Biichner for
supporting the large-scale experiments. The work described in this publication was supported by the European
Community’s Horizon2020 Research and Innovation Programme through the grant to HYDRALAB +, Contract
no. 654110. This research is further supported by the Austrian Science Fund (FWF) under Grant J3918.

Author Contributions

V.H., EC. and G.W. designed the experiments. V.H., EC., M.B., R.G., X.C. and G.W. were involved in the
construction and running of the experiments. V.H. and F.C. conducted the data analysis. V.H. wrote the initial
draft of the manuscript. V.H., EC., M.B., R.G,, X.C., G.W. and H.F. contributed to and approved the final
manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-36634-3.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

N | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:861 | https://doi.org/10.1038/s41598-018-36634-3 10


https://doi.org/10.1038/s41598-018-36634-3
https://doi.org/10.1038/s41598-018-36634-3
http://creativecommons.org/licenses/by/4.0/

	Large-scale experiments into the tsunamigenic potential of different iceberg calving mechanisms

	Methods

	Experimental set-up and conditions. 
	Calving mechanisms. 
	Mass kinematics and wave probes. 

	Results

	Wave characteristics. 
	Released energy and maximum wave heights. 
	Tsunami train energy. 
	Comparison with landslide-tsunamis. 

	Discussion

	Conclusions

	Acknowledgements

	Figure 1 Real and idealised iceberg calving and iceberg-tsunami generation.
	Figure 2 Image series of our large-scale experiments conducted in the basin at a water depth of 1.
	Figure 3 Experimental set-up.
	Figure 4 Iceberg-tsunami profiles of the five iceberg calving mechanisms A to E shown in Fig.
	Figure 5 Measured maximum wave heights HM for all 66 experiments.
	Table 1 Experimental conditions.
	Table 2 Absolute and relative measurement errors39.




