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A B S T R A C T   

Mass balance analysis of ice sheets is a key component to understand the effects of global warming with iceberg 
calving as a significant contributor. Calving recently generated tsunamis of up to 50 m in amplitude endangering 
human beings and coastal infrastructure. Such iceberg-tsunamis (IBTs) have been investigated based on 66 unique 
large-scale experiments conducted in a 50 m × 50 m large basin at constant water depth h. The experiments 
involved five iceberg calving mechanisms: A: capsizing, B: gravity-dominated fall, C: buoyancy-dominated fall, 
D: gravity-dominated overturning and E: buoyancy-dominated overturning. The kinematics of the up to 187 kg 
heavy plastic blocks mimicking icebergs was measured with a motion sensor and the wave profiles were recorded 
with wave probes at up to 35 locations. The IBTs from the gravity-dominated mechanisms (B and D) are roughly 
an order of magnitude larger than from mechanisms A, C and E. Empirical equations for preliminary hazard 
assessment and mitigation for the maximum wave height, amplitude and period for both the near- and far-field 
are derived for the five calving mechanisms individually and combined. The relative released energy, Froude 
number and relative iceberg width are the most influential dimensionless parameters in these equations. A 
maximum wave height decay trend close to (r/h)− 1.0 is observed, with r as the radial distance, in agreement with 
the theoretical wave decay from a point source. The empirical equations are applied to a past event resulting in a 
good agreement and the upscaled wave periods to typical Greenlandic conditions overlap with the lower spec
trum of landslide-tsunamis. However, empirical equations for landslide-tsunamis were found to be of limited use 
to predict IBTs in the far-field supporting the need of the newly introduced empirical equations for IBT hazard 
assessment and mitigation.   

1. Introduction 

1.1. Background 

The global mean sea level rises currently ≈2.7 mm/year including 
≈1.5 mm/year due to land ice melt and retreat (Hanna et al., 2013; Box 
and Colgan, 2017). Mass balance analysis of ice sheets is thus a key 
component to understand the effects of global warming. A significant 
contributor to ice sheet and shelf mass balance, next to surface mass loss 
(surface melting, runoff) and other smaller contributors, is iceberg 
calving. Iceberg calving accounts for most of the mass loss from the 
Antarctic Ice Sheet (Benn et al., 2007) and for 32% of the Greenland Ice 

Sheet (Enderlin et al., 2014) between 2009 and 2012 of its overall ice 
mass loss of approximately − 269 ± 51 Gt/year (McMillan et al., 2016). 

Iceberg-calving is the sudden detachment of an iceberg from a glacier 
front due to a fracture. Such fractures are caused by large stresses due to 
gradients in the glacier velocity, imbalanced forces at the ice cliff, 
melting at or below the water surface and/or torques induced by 
buoyancy forces (Benn et al., 2007). 

Icebergs calve through different mechanisms (Massel and Przybor
ska, 2013; Minowa et al., 2018; Heller et al., 2019c (H19 hereafter)), 
depending on the formation and propagation of the fractures, the ge
ometry of the glacier terminus and its position relative to the water 
surface (Benn et al., 2007). Subaerial icebergs fall or overturn into the 
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water body due to the gravity force as shown in Fig. 1 for events at the 
Perito Moreno Glacier, Argentina. Such events, specified as toggle, drop 
and serac by Minowa et al. (2018), accounted for 98% of the 420 
capsizing cases observed by these authors over 39 days in 2013/14 and 
2016 for the Perito Moreno Glacier. For icebergs detaching underwater, 
the buoyancy force is dominant and the iceberg moves vertical or 
overturns towards the water surface (Benn et al., 2007). Combinations of 
these mechanisms, e.g. of fall with overturning, are also observed and 
the icebergs can further be partially submerged. Once the iceberg de
tached from the glacier front it may capsize in proximity of the glacier 
front or in the open water (MacAyeal et al., 2011; Burton et al., 2012). In 
order to capture this wide range of iceberg calving mechanisms in ide
alised form, H19 investigated the following five mechanisms in the 
laboratory: A: capsizing, B: gravity-dominated fall, C: 
buoyancy-dominated fall, D: gravity-dominated overturning and E: 
buoyancy-dominated overturning (Fig. 2). 

Iceberg-calving generates waves, called iceberg-tsunamis (IBTs) 
hereafter (short for iceberg-generated tsunamis), which are the focus of 
this work. They are typically observed during the summer season at 
outlet glaciers in Greenland and the Antarctica as well as at mountain 
glaciers, when iceberg calving is particularly common due to high air 
temperatures. 

Several IBTs have been observed in the recent past which destroyed 
harbours, fishing boats and tourist vessels in Greenland (Mendsonboaz, 
2009; MacAyeal et al., 2011). Other examples include an iceberg-calving 
event at Tasman Glacier in New Zealand in 2011 where an iceberg 
overturned into the Tasman Lake resulting in a tsunami of 3.1 m 
amplitude ≈3.5 km from the glacier front (Dykes et al., 2016). 16 
calving events were recorded at Helheim Glacier in Greenland in 
2013/14 with the largest wave height reaching 24 cm at ≈ 30 km from 
the glacier front (Vaňková and Holland, 2016). Further, a calving 
iceberg at the Eqip Sermia Glacier generated in 2014 an IBT of 45–50 m 
in amplitude (Lüthi and Vieli, 2016). A last example is an iceberg 
reaching about 100 m above water which moved in proximity of the 
shore of the village Innaarsuit in Greenland in summer 2018 resulting in 
the evacuation of some of the 170 inhabitants due to IBTs threat (The 
Guardian, 2018). 

1.2. Previous work 

Preliminary studies into IBTs focused on aspects such as the glacier 
terminus stability and calving rates in the context of mass balance 
analysis and investigated IBTs as a side phenomenon. A pioneering study 
is MacAyeal et al. (2009) who measured the indirect effects of 
“micro”-tsunamis on the Ross Sea Ice Shelf with seismometers and 
estimated that approximately 200 events occur in this region per year. 
Amundson et al. (2010) measured 1 m high waves of 30–60 s periods 3 
km from the Jakobshavn Isbræ Glacier terminus. Unfortunately, their 
pressure sensor started to move for waves in excess of 1 m preventing the 

specification of a reliable upper boundary for the wave height. However, 
they provided an estimate of 10 m based on visual observation at the 
glacier front. Minowa et al. (2018) recorded 420 calving events at the 
Perito Moreno Glacier in periods between 2013 and 2016 and measured 
IBTs 500 m from the glacier front with a pressure sensor. The wave 
amplitudes were up to 1.0 m, the periods 5–20 s and the wave fre
quencies and amplitudes were different for subaerial and subaqueous 
mechanisms. Minowa et al. (2019) applied a similar method at the 
Bowdoin Glacier in northwest Greenland. They used time-lapse imagery 
to quantify the iceberg volumes of 27 main calving events in July 2015 
and 2016 and measured the corresponding tsunami heights with a 
pressure sensor located in proximity of the glacier front at the shore. 
They found a positive correlation between the maximum wave ampli
tude and iceberg volume, which further improved when the cliff height 
and the distance of the measurement sensor from the glacier front were 
considered. 

While such field observations provide reliable measurements of the 
IBT periods and give some indications of the wave height, which may 
have been strongly affected by the local bathymetry, however, 
modelling appears to be more appropriate to predict future events. 
MacAyeal et al. (2011) derived a theoretical expression for the released 
energy E by a capsizing iceberg. E is the difference between the work 
required to move the iceberg block in the initial (Wi) and final (Wf) 
positions to a common reference level above the water surface by 
considering gravity force and hydrostatic pressure force as 

E=Wi − Wf =
1
2

bρsgsl2(1 − s / l)
(

1 −
ρs

ρw

)

(1)  

b, l and s are the block width, height and thickness (Fig. 3), g is the 
gravitational acceleration and ρs and ρw are the ice (subscript s, adopted 
from subaerial landslide-tsunami (SLT) research) and water (subscript 
w) densities, respectively. Eq. (1) for E was later complemented with 
expressions for all five iceberg-calving mechanisms A to E by H19. 
MacAyeal et al. (2011) showed further that only ≈ 7% of E of the 
capsizing iceberg is transferred into the tsunami train, which was close 
to 2.8–5.0% measured at relative radial distance r/h = 2 for naturally 
capsizing icebergs by H19, with r as the radial distance and h as the 
water depth. H19 showed that the range of the transferred energy in
creases to 0.6–56.9% of E, if all mechanisms are considered. A further 
important result of MacAyeal et al. (2011) is  

HM ≈ 0.01l,                                                                                    (2) 

derived by relating the maximum (subscript M) tsunami height HM, 
found with dimensional analysis, to E. 

Massel and Przyborska (2013) provide the theoretical water surface 
elevation η in function of time t and r for four calving mechanisms by 
considering (a) the pressure impulse induced by the block on the water 
surface and (b) the vertical oscillation of the block in the water body: 

Fig. 1. Iceberg calving in nature at Perito Moreno Glacier, Argentina: (a) falling iceberg (photo courtesy of Alex Cowan) and (b) overturning iceberg (photo courtesy 
of Michael Schwab). 

V. Heller et al.                                                                                                                                                                                                                                   
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Fig. 2. Sketches of investigated 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 (adapted from H19). 

Fig. 3. Schematics of experimental set-up: (a) plan view of a capsizing experiment and (b) side view and (c) plan view of a gravity-dominated fall experiment. The 
wave probe locations are given in Table 3 (adapted from H19). 

V. Heller et al.                                                                                                                                                                                                                                   
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(i) A cylindrical iceberg oriented horizontally of small height l, 
compared to the glacier front, falls frictionless on a still water 
surface and η is due to (a) only.  

(ii) A cylindrical iceberg of l identical to the glacier front height 
touching the water surface is sliding into the water body with 
zero initial velocity and η is due to (b) only.  

(iii) A cylindrical iceberg with l larger than in (i), but still smaller than 
the glacier front height, is falling frictionless on a water surface 
with η considering both (a) and (b).  

(iv) A cylindrical iceberg of identical height as the glacier front 
height, with thickness much smaller than the height and width, 
overturns relative to its base and impacts horizontally on to the 
water surface. Only (a) is considered with (b) neglected. 

Massel and Przyborska (2013) showed with some typical scenarios that 
case (ii) produces with 3–6 cm the smallest and case (iv) with 3.5–8.2 m 
the largest wave amplitudes. 

Burton et al. (2012) conducted small-scale laboratory experiments in 
a 244 cm × 30 cm × 30 cm flume (2D wave propagation) to investigate 
iceberg capsizing. The iceberg was modelled with 10.3 cm × 26.7 cm ×
2.5–10.2 cm polyethylene plastic blocks of density ρs = 920 kg/m3. They 
found that only ≈1% of the released iceberg energy is transferred into 
waves based on measurements 25 cm away from the iceberg, with most 
energy dissipated trough viscous drag and turbulence. Further, the wave 
parameters at the same location were in good agreement with Eq. (2). 

H19 investigated all five iceberg calving mechanisms A to E in large- 
scale 3D experiments. They cross-compared the IBTs of the five mech
anisms in the near-field and found that the maximum wave heights 
generated by mechanisms B and D are roughly an order of magnitude 
larger than from mechanisms A, C and E. They further showed that 
empirical equations for SLTs establish estimates of an upper envelope of 
the maximum IBT heights, however, these equations fail to predict the 
behaviour of the capsizing A and buoyancy-dominated mechanisms C 
and E. H19 did not provide predictive empirical equations for the 
maximum wave parameters nor did they look into the IBTs in the far- 
field. 

1.3. Aims and structure 

This study aims to introduce a new method to support IBT hazard 
assessment and mitigation based on empirical equations for both the 
near- and far-field. The tsunamigenic potential of the five iceberg- 
calving mechanisms A to E will be cross-compared in the far-field, 
significantly expanding the comparison of H19 who focused on the 
near-field only. All findings will then be related to available SLT 
knowledge and validated with a past IBT event in nature. 

The laboratory experiments including a dimensional analysis are 
discussed in Section 2. The results presented in Section 3 include new 
empirical equations for the maximum wave parameters in the near- and 
far-field as well as the wave celerity. Section 4 includes a discussion 
where IBTs are compared with SLTs and the new empirical equations are 
applied to a real event in nature. The most relevant conclusions are 
summarised in Section 5. The appendices include information on 
how the iceberg velocities for all calving mechanisms are derived 
(Appendix A), correlations for additional wave parameters to Section 3 
(Appendix B) and details about the SLT studies included in Section 4 
(Appendix C). 

2. Laboratory experiments 

2.1. Overview 

The experimental investigation was carried out by H19 such that 
only the main features of this investigation are recalled. The experi
ments have been conducted in the 50 m × 50 m Delta Basin at Deltares, 
Delft, as shown in Fig. 4. The effective basin size, excluding wave makers 
and absorbing beaches, was 40.3 m × 33.9 m (Fig. 3). The experimental 
programme is shown in Table 1 and included 66 experiments consisting 
of 55 individual tests and 11 repetitions. The capsizing mechanism 
involved 16 experiments, the fall mechanism 30 (21 gravity- and 9 
buoyancy-dominated) and the overturning mechanism 20 (14 gravity- 
and 6 buoyancy-dominated) experiments. 

The icebergs were modelled with two polypropylene homopolymer 
blocks with a density similar to that of ice (≈920 kg/m3). The blocks 
were released offshore (capsizing, Fig. 2) and at the vertical boundary of 
the basin (fall and overturning, Figs. 1 and 2). The sizes of the blocks 
were 0.800 m × 0.500 m × 0.500 m (block type 1, Figs. 4b) and 0.800 m 
× 0.500 m × 0.250 m (block type 2, Fig. 4a). They weighted 91.2–93.6 
and 184.6–187.1 kg, respectively, depending on the attachments to the 
blocks (rod, clamp screws, plate for electromagnet, bearing). 

2.2. Calving mechanisms 

The procedures for the five calving mechanisms (Fig. 2) were as 
follows (Heller, 2019a; Heller et al., 2019b): 

Capsizing (mechanism A in Figs. 2, 3a and 4a): The blocks in the 
capsizing case were held in position with a wooden rod guided through 
the centre of the blocks. This rod was held in position on both sides with 
steel profiles and was able to heave and pitch, but not to sway and surge 
(Fig. 4a). Capsizing was initiated in most cases by removing a fitting 
which stabilised the blocks. Block type 1 was stable without fitting in the 
initial position such that it was slightly pushed by hand, with a force in 

Fig. 4. Pictures of experiments in the 50 m × 50 m wave basin: (a) iceberg block type 2 (0.800 m × 0.500 m × 0.250 m) located next to the duckboard in preparation 
for a capsizing experiment (mechanism A) prior to filling the basin and (b) iceberg block type 1 (0.800 m × 0.500 m × 0.500 m) in the gravity-dominated fall release 
position (mechanism B) at the basin wall with most of the 35 wave probes shown. The insert shows the motion sensor attached to the block surface. 

V. Heller et al.                                                                                                                                                                                                                                   
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the order of 1 N (e.g. mimicking an external force such as wave action), 
to capsize. In two tests the blocks were pushed harder as discussed in 
Section 3.2. 

Fall (mechanisms B and C in Fig. 2): The blocks were held in position 
with an electromagnet prior to release, which was connected to a rope as 
shown in Fig. 4b. The supporting frame for this electromagnet and the 
blocks was fixed to a steel plate at the basin wall. The blocks were moved 
in vertical direction with a winch system fixed to a support structure 
outside the wave basin (Fig. 4b). For the buoyancy-dominated fall case, 
the blocks were pulled under water with a rope attached to the centre of 
the block bottoms. For some buoyancy-dominated tests the blocks had to 
be stabilised in addition with a steel beam from above and both the steel 
beam and the rope were then released simultaneously. 

Overturning (mechanisms D and E in Fig. 2): The blocks rotated 
around a fixed steel rod of 30 mm diameter. This rod was fed through 
two ball bearings fixed to the block surfaces. This ensured that the blocks 
underwent a pure rotation and were not heaving. The rod was held in 
position with steel profiles (Fig. 4b) and was located either below 
(mechanism D) or above (mechanism E) the blocks. For some buoyancy- 
dominated tests the blocks had to be stabilised in addition with a steel 
beam from above and the blocks started to move once the steel beam was 
removed. 

2.3. Dimensional analysis 

The nine governing parameters shown in Table 2 and Fig. 5 were 
considered for the correlations of the IBT features such as the maximum 
wave heights and their decay with r and the wave propagation angle γ. 
These nine parameters are the released energy E, water depth h, iceberg 
velocity Vs, iceberg thickness s, iceberg width b, iceberg volume , 
iceberg density ρs, water density ρw and gravitational acceleration g. b 
was varied by changing the orientation of the two block types 1 and 2 in 
the initial position (Tables 1 and 2). The velocity Vs corresponds to the 
fastest moving section of the block and was derived based on the motion 
sensor data (Chen et al., 2020). The density ρs changed slightly due to 
attachments to the block (Tables 1 and 2). E (Section 1.2) is an instru
mental parameter to collapse very large and very small wave data given 
that E varies over a large range. All theoretical expressions and figures 
for E, next to Eq. (1), are available in the Supplementary Material of 
H19. 

The nine governing parameters involve the three units length [L], 
mass [M] and time [T] such that they can be expressed in dimensionless 
form based on three reference quantities (Buckingham, 1914). The 
reference quantities g, h and ρw have been selected resulting in the six 
dimensionless parameters the relative released energy Er = E/(h4gρw), Ta
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Table 2 
Governing dimensional (top) and dimensionless (bottom) parameters with 
experimental ranges.  

Symbol Unit Description Experimental range 

E [J] Released energy 5.68–979.48 
h [m] Water depth 0.75, 1.00 
Vs [m/s] Iceberg velocity 0.27–4.17 
s [m] Iceberg thickness 0.25, 0.50 
b [m] Iceberg width 0.50, 0.80 

[m3] Iceberg volume 0.10, 0.20 
ρs [kg/m3] Iceberg density 911.50–936.20 
ρw [kg/m3] Water density 1 000 
g [m/s2] Gravitational acceleration 9.81 
Er = E/(h4gρw) [− ] Relative released energy 0.0006–0.3157 
F = Vs/(gh)1/2 [− ] Froude number 0.09–1.33 
S = s/h [− ] Relative iceberg thickness 0.25–0.67 
B = b/h [− ] Relative iceberg width 0.50–1.07 
V = /h3 [− ] Relative iceberg volume 0.10–0.47 
D = ρs/ρw [− ] Relative density 0.91–0.94  
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Froude number F = Vs/(gh)1/2, relative iceberg thickness S = s/h, rela
tive iceberg width B = b/h, relative iceberg volume V = /h3 and the 
relative density D = ρs/ρw (Table 2). 

Scale effects due to the kinematic viscosity νw and surface tension σw 
were neglected for the analysed wave parameters in this Froude scaling 
experiments given that the Weber number W = ρwgh2/σw ≥ 75,552 and 
Reynolds number R = g1/2h3/2/νw ≥ 2,033,835 were large and satisfied 
the limitations W ≥ 5000 and R ≥ 300,000 established for the physically 
closely related phenomenon of SLTs (Heller et al., 2008). 

2.4. Measurement system 

The block kinematics was recorded at full sampling rate of ≈74 Hz 
with a 9 Degree of Freedom motion sensor (Adafruit BNO055). This rate 
slightly varied within an experiment as this was the largest possible rate 
the Arduino was able to cope with. The sensor was located in a 
watertight enclosure and attached to the block surface (insert Fig. 4b). 

The absolute measurement uncertainty for Vs is between ±0.03 and 
±0.08 m/s, depending on the calving mechanism (H19). Two cameras (a 
5 MP PointGrey ZBR2-PGEHD-50S5C-CS, which recorded at 15 Hz, and 
a 2 MP IOIndustries Flare 2M280-CXP, which recorded at 100 Hz) were 
used for general observations. The wave features were recorded with up 
to 35 resistance type wave probes on one side of the block axis, given 
that the wave field was symmetric. They recorded at 100 Hz with an 
estimated accuracy of ±0.1 mm. Initially, they were calibrated daily by 
changing the water level in the basin but less frequently later as the 
calibration parameters did not change significantly over time (with an 
estimated maximum change < 2%) for given wave probe locations. 

The origins of the cylindrical coordinate systems (r, z, γ) are shown in 
Fig. 3. They are located for all calving mechanisms in vertical direction z 
on the water surface. In the horizontal plane the origin is located at the 
block centre for the capsizing case (Fig. 3a) and at the front of the steel 
plate in the centre of the block in cross-shore direction for all other 
calving mechanisms (Fig. 3c). The angle γ is defined positive in clock
wise direction. The wave probes are numbered anti-clockwise starting at 
γ = 0◦ and from small to large r (Fig. 3a,c). Table 3 shows the locations of 
all wave probes. 

The time in all experiments was adjusted such that t = 0 s 
corresponds to the time when the blocks started to move for experiments 
where they were initially in contact with the surrounding water, or 
when the blocks reached the water surface when they were initially fully 
subaerial. The raw data of the motion sensor were processed in Matlab® 
to transform the accelerations in global coordinates and to derive the 
block velocities and positions as described by Chen et al. (2020). The 
water surface time series were individually shortened to remove data 
affected by reflection from the basin boundaries (Attili, 2019). The wave 
probe data were then filtered with a low-pass filter with a cut off fre
quency at 9–11 Hz. For wave probes A9, A17 and A25 in the capsizing 
experiments and B21/C21, B24/C24 and B32/C32 for all fall and 
overturning experiments a low-pass filter with a cut off frequency at 3.0 
or 3.5 Hz was applied to remove large high-frequency noise. For 3 out of 
all 2 278 time series the signal-to-noise ratio after filtering remained 
large such that these 3 series were excluded from further analysis. 

Fig. 5. Schematic view of the gravity-dominated fall mechanism with defini
tion of the governing and wave parameters. 

Table 3 
Names and locations of wave probes and cameras (from Heller, 2019a).  

Iceberg calving 
mechanism 

Device Water depth h 
(m) 

Locations in function of the radial distance r (m) and the wave propagation angle γ (◦) (Fig. 3a,c) 

Capsizing Wave 
probes 

1.000 A1 (2, 0); A10 (3, 0); A19 (5, 0); A28 (10, 0); A32 (15, 0); 
A2 (2, − 15); A11 (3, − 15); A20 (5, − 15); A29 (10, − 15); 
A3 (2, − 30); A12 (3, − 30); A21 (5, − 30); 
A4 (2, − 60); A13 (3, − 60); A22 (5, − 60); 
A5 (2, − 90); A14 (3, − 90); A23 (5, − 90); 
A6 (2, − 120); A15 (3, − 120); A24 (5, − 120); 
A7 (2, − 150); A16 (3, − 150); A25 (5, − 150); 
A8 (2, − 165); A17 (3, − 165); A26 (5, − 165); A30 (10, − 165); 
A9 (2, − 180); A18 (3, − 180); A27 (5, − 180); A31 (10, − 180); A33 (15, − 180) 

Capsizing Cameras 1.000 5 MP at 15 Hz: (6, − 45); 2 MP at 100 Hz: (6, − 95) 
Fall/overturning Wave 

probes 
1.000 B1 (2, 0); B7 (3, 0); B13 (5, 0); B19 (10, 0); B25 (15, 0); B31 (22.5, 0); B34 (35, 0); 

B2 (2, − 15); B8 (3, − 15); B14 (5, − 15); B20 (10, − 15); B26 (15, − 15); B32 (22.5, − 15); B35 (35, − 15); 
B3 (2, − 30); B9 (3, − 30); B15 (5, − 30); B21 (10, − 30); B27 (15, − 30); B33 (22.5, − 30); 
B4 (2, − 45); B10 (3, − 45); B16 (5, − 45); B22 (10, − 45); B28 (15, − 45); 
B5 (2, − 60); B11 (3, − 60); B17 (5, − 60); B23 (10, − 60); B29 (15, − 60); 
B6 (2, − 75); B12 (3, − 75); B18 (5, − 75); B24 (10, − 75); B30 (15, − 75) 

Fall/overturning Wave 
probes 

0.750 C1 (1.5, 0); C7 (2.25, 0); C13 (3.75, 0); C19 (7.5, 0); C25 (11.25, 0); C31 (16.875, 0); C34 (26.25, 0); 
C2 (1.5, − 15); C8 (2.25, − 15); C14 (3.75, − 15); C20 (7.5, − 15); C26 (11.25, − 15); C32 (16.875, − 15); C35 
(26.25, − 15); 
C3 (1.5, − 30); C9 (2.25, − 30); C15 (3.75, − 30); C21 (7.5, − 30); C27 (11.25, − 30); C33 (16.875, − 30); 
C4 (1.5, − 45); C10 (2.25, − 45); C16 (3.75, − 45); C22 (7.5, − 45); C28 (11.25, − 45); 
C5 (1.5, − 60); C11 (2.25, − 60); C17 (3.75, − 60); C23 (7.5, − 60); C29 (11.25, − 60); 
C6 (1.5, − 75); C12 (2.25, − 75); C18 (3.75, − 75); C24 (7.5, − 75); C30 (11.25, − 75) 

Fall/overturning Cameras 1.000 and 0.750 2 MP at 100 Hz: (6, − 85); 5 MP at 15 Hz: (6, 45)  
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3. Experimental results 

3.1. Selected typical experiments 

Fig. 6 shows image series of five selected typical experiments. This 
involves a mechanism A (Fig. 6a), B (Fig. 6b), C (Fig. 6c), D (Fig. 6d) and 
E (Fig. 6e). The time intervals between the pictures are 2.67 s in Fig. 6a,e 
and 1.33 s in Fig. 6b,c,d. The free water surface elevation η versus time t 
corresponding to the experiments in Fig. 6 are shown in Fig. 7. These 
wave profiles were all measured at relative radial distance r/h = 2 (Fig. 3 
and Table 3). The scales on the y-axes in Fig. 7 vary by up to a factor of 

20. The wave magnitudes significantly differ for the mechanisms A to E; 
mechanism D results in the largest tsunami heights followed by mech
anism B. The three remaining mechanisms resulted in up to a factor of 26 
smaller waves. Further, the wave trains consist of several nonlinear 
waves for all mechanisms, similar as for SLTs (Heller and Spinneken, 
2015). The largest wave amplitude is observed in the middle of the wave 
train for the slower moving mechanisms A and C. For the 
gravity-dominated mechanisms B and D the largest wave is observed 
earlier in the wave train. 

Fig. 6. Image series of experiments conducted at h = 1.00 m: (a) mechanism A, (b) B, (c) C, (d) D and (e) E. The shown examples of mechanisms A, B and E were 
conducted with the 0.800 m × 0.500 m × 0.250 m block (type 2) and the examples of mechanisms C and D with the 0.800 m × 0.500 m × 0.500 m block (type 1). 
The time intervals between the images are 2.67 s for (a) and (e) and 1.33 s for (b) to (d). 

Fig. 7. IBT profiles of the five iceberg calving mechanisms A to E in Fig. 6. These tsunami profiles were recorded at (r/h = 2, γ) where the maximum wave height HM 
was measured. (a) mechanism A, (b) B, (c) C, (d) D and (e) E. The scale on the y-axes change by up to a factor of 20. 
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Fig. 8. Overview of the maximum relative wave height HM/h decay for all experiments with (a,c,e,g,i) the relative distance r/h and (b,d,f,h,j) the wave propagation 
angle γ: (a,b) capsizing (mechanism A) with the 11 largest outliers from the two harder pushed experiments encircled, (c,d) gravity-dominated fall (B), (e,f) 
buoyancy-dominated fall (C), (g,h) gravity-dominated overturning (D) and (i,j) buoyancy-dominated overturning (E). 
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3.2. IBT characteristics 

Fig. 8 shows the overall trend of the relative maximum wave heights 
HM/h versus the relative distance r/h (Fig. 8a,c,e,g,i) and γ (Fig. 8b,d,f,h, 
j) for all 66 experiments and calving mechanisms. The wave heights 
within a given calving mechanism scatter by up to an order of magnitude 
and mechanisms B and D generate much larger waves than mechanisms 
A, C and E. HM of mechanism A reach 0.6–1.1% of the initial vertical 
dimension of the mass for naturally capsizing icebergs in agreement 
with Eq. (2). The most distinct trend observed for all mechanisms is the 
wave height decay with r/h. Further, the wave heights tend to be the 
largest at γ = 0◦, the main impulse direction of the blocks (Fig. 3), and 
decrease with increasing γ. This trend is more distinct in Fig. 8f,h,j than 
for mechanism B in Fig. 8d. For mechanism A (Fig. 8b) the waves 
decrease from γ = 0 to − 90◦ before increasing again from − 90 to − 180◦. 
HM/h increases again for some of the mechanisms at γ = − 75◦, which is 
due to the influence of the basin wall at γ = − 90◦ where the waves may 
be affected by the presence of the boundary (Di Risio et al., 2009; Heller 
and Spinneken, 2015). 

The maximum values of the wave height HM, amplitude aM and 
period TM over all experiments for each iceberg-calving mechanism are 
shown in Table 4. HM and aM were analysed individually as the linear 
wave criterion 2aM = HM does generally not apply to IBTs. Further, this 
is also common for SLT research given that SLT run-up and dam over
topping equations, which may also be applied to IBTs, rely on H, a and/ 
or T (Heller et al., 2009). H and a tend to decrease and T tends to in
crease with r. In order to present a coherent set of wave parameters, TM 
is defined at the identical position within the wave train and at the 
identical wave probe as HM was measured, even though T may be 
significantly larger for larger r. Further, all T herein are based on an 
up-crossing analysis. Table 4 shows that HM and TM reached up to 0.119 
m (16% of h) and 2.24 s, respectively. HM and aM of the gravity domi
nated mechanisms B and D are significantly larger than of the remaining 
mechanisms, e.g. for HM the difference between HM in mechanisms B 
and D and A, C and E is a factor of 0.119/0.016 = 7.4 to 0.119/0.008 =
14.9 (Table 4). 

Fig. 9 shows the relative maximum wave heights HM/h for all 66 
experiments versus a combination of the six dimensionless parameters 
from Section 2.3. Shown are correlations for each individual mechanism 
(Fig. 9a–e) and for all mechanisms combined (Fig. 9f). The optimised 
correlations were found with a regression analysis based on the least- 
square approach algorithm trust-region-reflective. Power laws were 
selected as they are simple, robust and often applied in SLT research. 
Some restrictions were imposed on the exponents to obtain physically 
meaningful results (Attili, 2019). This involves positive exponents for Er, 
F, S, B and V to consider that more energetic, faster and larger icebergs 
result in larger IBTs than less energetic, slower and smaller icebergs. A 
larger relative density D is also expected to result in larger IBTs for the 
gravity-dominated mechanisms (positive exponent for D) with this effect 
reversing (negative exponent for D) for buoyancy-dominated cases as a 
lighter mass will reach the water surface faster creating larger waves. 

The empirical equations and coefficients of determination R2 resulting 
from Fig. 9 are 

Capsizing: 

HM

h
= 1.39

(
E0.26

r F1.73S0.20B0.20V0.48D− 1.74)0.92 ( R2 = 0.49
)

(3) 

Gravity-dominated fall: 

HM

h
= 0.25

(
E0.20

r F1.31S0.60B1.62V0.20D0.15)0.50 ( R2 = 0.95
)

(4) 

Buoyancy-dominated fall: 

HM

h
= 1.41

(
E0.20

r F1.36S0.10B0.30V0.48D− 1.42)0.98 ( R2 = 0.64
)

(5) 

Gravity-dominated overturning: 

HM

h
= 0.27

(
E0.20

r F0.92S0.47B0.91V0.23D0.22)0.50 ( R2 = 0.92
)

(6) 

Buoyancy-dominated overturning: 

HM

h
= 0.13

(
E0.23

r F1.65S1.27B0.40V0.20D− 0.98)0.50 ( R2 = 0.95
)

(7) 

All mechanisms combined: 

HM

h
= 0.26

(
E0.20

r F1.72S0.53B1.10V0.20D0.10)0.50 ( R2 = 0.92
)

(8) 

The most important parameter in Eqs. (3)–(8) is F with an exponent 
in the range of 0.92⋅0.50 = 0.46 to 1.73⋅0.92 = 1.59. Further important 
are the relative slide width B, with an exponent of up to 1.62⋅0.50 =
0.81, as well as Er. Er is influential due to its exponent in the range of 
0.10–0.24 combined with a large range of Er over nearly three orders of 
magnitude (Table 2). Generally speaking, the influences of S, V and D on 
HM/h are small. The relative iceberg velocity and released energy tend 
therefore to be more relevant for the heights of IBTs than the relative 
iceberg volume and dimensions. The pre-sign of the exponent of D is 
positive for the gravity-dominated mechanisms and negative for the 
remaining three mechanisms. However, the overall influence of D on 
HM/h is still small given that it varies only in the range 0.91–0.94 
(Table 2), and this small variation is associated with a larger uncertainty 
in the exponent of D compared to the remaining exponents. Neverthe
less, D is a relevant parameter in the empirical correlations as it is 
physically relevant for IBTs (Eq. (1)), it is the only parameter with an 
exponent changing its pre-sign and it simplifies comparisons with SLTs 
(e.g. with Eq. (C.1)). The two encircled data points in Fig. 9a are from 
the harder pushed capsizing block experiments. The data typically 
scatter ±30% relative to the predictions with a particularly tight fit 
achieved for mechanism E in Fig. 9e. Fig. 9 confirms that the tsunami 
heights generated by the gravity-dominated mechanisms B and D are 
roughly an order of magnitude larger than for the remaining mecha
nisms over all conducted experiments. The correlation in Fig. 9f based 
on Eq. (8) simplifies the prediction with one equation describing all 
mechanisms. Most data lie within the ±40% bounds, however, the insert 

Table 4 
Maximum values of the wave height HM, amplitude aM and the period TM corresponding to HM for each iceberg-calving mechanism in dimensional and dimensionless 
form.   

Capsizing Gravity- 
dominated fall 

Buoyancy- 
dominated fall 

Gravity- 
dominated  
overturning 

Buoyancy- 
dominated  
overturning 

HM [m] 0.015 0.119 0.016 0.118 0.008 
HM/h [− ] 0.015 0.158 0.020 0.157 0.008 
aM [m] 0.009 0.068 0.011 0.091 0.0051 
aM/h [− ] 0.009 0.072 0.011 0.122 0.0051 
TM [s] 0.89 2.12 1.99 2.24 2.03 
TM(g/h)1/2 [− ] 2.79 6.94 6.23 7.02 6.36  
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reveals that Eq. (8) tends to over-predict mechanisms A, C and E and 
therefore operates on the safe side. 

The decays of the normalised relative maximum wave heights HM/h 
with r/h for all 66 experiments in the far-field for each individual 
mechanism and all mechanisms combined are shown in Fig. 10. The 
corresponding empirical equations were again found with the least- 
square approach. For the wave decay, in addition to the restrictions 
imposed in the least-square approach for HM in Fig. 9, a negative 

exponent for r/h was imposed to consider the decay of HM/h(r/h, γ) with 
r/h (Fig. 8) due to spatial wave energy spread. The cosine function for γ 
was selected to consider the larger wave height on the iceberg axis (γ =
0, Fig. 8), in analogy to SLTs studies (Huber and Hager, 1997; Heller and 
Spinneken, 2015), whilst the exponent of the cosine (1.00 and 0.50) and 
the factor 0.50 for γ resulted from the data correlation. This resulted in 
the empirical equations. 

Capsizing: 

Fig. 9. Maximum relative wave height HM/h versus a dimensionless parameter combination: (a) mechanism A with (–) Eq. (3) (–) ±40% deviation (R2 
= 0.49) and 

the data points of the two harder pushed experiments encircled, (b) mechanism B with (–) Eq. (4) (–) ±30% deviation (R2 = 0.95), (c) mechanism C with (–) Eq. (5) 
(–) ±40% deviation (R2 = 0.64), (d) mechanism D with (–) Eq. (6) (–) ±30% deviation (R2 = 0.92), (e) mechanism E with (–) Eq. (7) (–) ±20% deviation (R2 = 0.95) 
and (f) all mechanisms with (–) Eq. (8) (–) ±40% deviation (R2 = 0.92). For the notation see (f). 
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Fig. 10. Normalised relative maximum wave height HM/h decay for all experiments with the relative distance r/h: (a) mechanism A with (–) Eq. (9) (–) ±50% 
deviation (R2 = 0.40) and the 11 largest outliers from the two harder pushed experiments encircled, (b) mechanism B with (–) Eq. (10) (–) ±50% deviation (R2 =

0.93), (c) mechanism C with (–) Eq. (11) (–) ±50% deviation (R2 
= 0.84), (d) mechanism D with (–) Eq. (12) (–) ±50% deviation (R2 

= 0.86), (e) mechanism E with 
(–) Eq. (13) (–) ±50% deviation (R2 = 0.89) and (f) all mechanisms with (–) Eq. (14) (–) ±50% deviation (R2 = 0.80). For the notation see (a). 
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Gravity-dominated fall: 

HM

h

(r
h
,γ
)
=0.46

(
E0.20

r F1.22S0.67B1.52V0.25D1.02)0.50
(r

h

)− 0.91
cos

(γ
2

)(
R2=0.93

)

(10) 

Buoyancy-dominated fall:  

Gravity-dominated overturning: 

HM

h

(r
h
,γ
)
= 0.35

(
E0.20

r F1.38S0.20B0.47V0.30D0.17)0.50
(r

h

)− 0.95
cos

(γ
2

) (
R2 = 0.86

)

(12) 

Buoyancy-dominated overturning:  

All mechanisms combined:   

The parameters F, B and Er are also important in Eqs. (9)–(14) and S, 
V and D play a less significant role. The data in Fig. 10 follow the pre
dictions based on Eqs. (9)–(14) reasonably well and most data lie within 
the ±50% bounds. Particularly striking for all mechanisms is the 
approximate wave decay ~ (r/h)− 1.0, corresponding both to the theo
retically expected decay for a wave from a point source propagating on 
an open water surface (Kranzer and Keller, 1959) and the decay found 

by Heller and Spinneken (2015) for SLTs in a basin. Such an experi
mental confirmation is not straight forward for a number of reasons: the 
momentum in many IBT experiments is partially directed in the wave 
propagation direction, most IBTs in the experiments propagated on 
semi-, rather than full-circles and IBTs are dispersive. These are reasons 
why a number of 3D SLT studies predicted a wave decay with an 
exponent for r/h significantly smaller than − 1.0 (e.g. Eqs. (C.1) and 
(C.2)). The encircled outliers in Fig. 10a are again from the harder 

pushed capsizing block experiments. A reasonably good fit for the data 
of all calving mechanisms combined is achieved in Fig. 10f considering 

Fig. 11. First wave celerity between two subsequent wave probes: (a) mean first wave celerity c1/[gL/(2π)tanh(2πh/L)]1/2, normalised with the general linear wave 
celerity, versus the relative wavelength L/h with (–) Eq. (15) (R2 

= − 0.03) and (b) mean relative first wave celerity c1/(gh)1/2, normalised with the linear shallow- 
water wave celerity, versus the mean relative wave amplitude am/h with (–) Eq. (16) (R2 = − 0.34). 

HM

h

(r
h
, γ
)
= 0.40

(
E0.64

r F1.40S0.80B0.56V0.10D− 1.96)0.50
(r

h

)− 0.99
cos0.50

(γ
2

) (
R2= 0.40

)
(9)   

HM

h

(r
h
, γ
)
= 0.26

(
E0.23

r F1.40S0.80B1.12V0.10D− 1.42)0.50
(r

h

)− 0.98
cos0.50

(γ
2

) (
R2= 0.84

)
(11)   

HM

h

(r
h
,γ
)
= 0.10

(
E0.28

r F1.06S0.93B0.31V0.28D− 1.05)0.50
(r

h

)− 0.92
cos0.50

(γ
2

) (
R2 = 0.89

)
(13)   

HM

h

(r
h
,γ
)
= 0.27

(
E0.28

r F1.08S0.14B0.71V0.20D0.20)0.50
(r

h

)− 0.90
cos0.50

(γ
2

) (
R2 = 0.80

)
(14)   
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the variety of underlying physical principles involved in the five calving 
mechanisms. The corresponding Eq. (14) results in a coefficient of 
determination of R2 = 0.80. However, the data scatter is particularly 
large in proximity of the iceberg calving location at r/h = 2 where water 
splashes reached the wave probes in some of the experiments (Heller 
et al., 2019a). 

Appendix B includes empirical equations for the relative maximum 
wave amplitude aM/h (Fig. B1), its decay with r/h (Fig. B2) and the 
relative maximum wave period TM(g/h)1/2 and its decay with r/h 
(Fig. B3). Also included are the first (leading) wave heights, amplitudes 
and periods and their decays with r/h for all mechanisms combined 
(Figs. B4 and B5). 

Over all mechanisms and both the near- and far-field, the waves at 
which HM were measured are in the ranges 0.0002 ≤ HM/h ≤ 0.158, 0.16 
≤ L/h ≤ 17.46 and 0.00017 ≤ U = HL2/h3 ≤ 6.24, with L as the 
wavelength. Waves classify as deep- (L/h < 2), intermediate- (2 ≤ L/h ≤
20) or shallow-water waves (L/h > 20). The Ursell parameter U specifies 
the wave non-linearity with U → 0 indicating linear waves and waves 
with U < 10 may be described with Stokes-wave theory (Sorensen, 
1993). Further, U ≈ 1 indicates solitary waves, which were not observed 
in this study. The waves investigated herein at which HM were measured 
can therefore be classified as linear- to Stokes-like waves propagating as 
deep- to intermediate-water waves. This applies similarly to the first 
waves, except of three values expanding into the shallow-water regime 
(Section 3.3, Fig. 11a). 

3.3. Wave celerity 

The wave celerity c is important to indicate the available time to 
react to an IBT at a specific distance from the calving location. It further 
helps to estimate the wavelength L, for example by using the regular 
wave expression L = Tc. Fig. 11a shows the relative first (subscript 1) 
wave celerity c1/[gL/(2π)tanh(2πh/L)]1/2 over L/h with L derived with 
the linear wave dispersion relation (Dean and Dalrymple, 2004) and 
Fig. 11b shows c1/(gh)1/2 as a function of the relative mean (subscript m) 
wave amplitude am/h of two subsequent wave probes. c was derived 
with the distance between two subsequent wave probes divided by the 
travel time of the wave crest. About 9.5% of the ≈1900 potential data 
points for c could not be derived because they were part of the three 
removed times series or the signal was cut to avoid contaminated waves 
due to wave reflection (Section 2.4). However, it is unlikely that this 
missing data would change the overall trends in Fig. 11. The symbols in 
Fig. 11 indicate the calving mechanism showing no particular trend in 

relation to c. The data are compared with the general linear (Eq. (15)) 
and shallow-water (Eq. (16)) wave celerity, respectively, as 

c=
[

gL
2π tanh

(
2πh
L

)]1/2

(15)  

c=(gh)1/2 (16) 

The data scatter for all mechanisms relative to c1/[gL/(2π)tanh(2πh/ 
L)]1/2 = 1 (Fig. 11a) and c1/(gh)1/2 = 1 (Fig. 11b), mainly due to 
dispersion and the difference between the phase and group velocity. The 
overall average in Fig. 11a is 1.03 and in Fig. 11b it is 0.89, i.e. most of 
the data points lie above 1 in Fig. 11a and below 1 in Fig. 11b. Eq. (16) 
results in a less exact approximation for c1 than Eq. (15), given that most 
first IBTs are in the deep-to intermediate-water range (Fig. 11a) (Section 
3.2). However, Eq. (16) may be preferred as it requires no prior 
knowledge of L, in contrast to Eq. (15). 

4. Discussion of results 

4.1. Introduction 

Predictions based on some of the new IBT Eqs. (3)–(14) are compared 
with predictions from empirical equations from the significantly further 
developed research field of SLTs in this Section 4. Further, the IBT fea
tures are upscaled to typical nature conditions, the empirical equations 
are used to replicate a past case and some limitations of the empirical 
equations are discussed. Attili (2019) shows that the discrepancy be
tween theoretically predicted IBTs based on Massel and Przyborska 
(2013) and the measured IBTs is generally large, up to a factor of 10 for 
aM for case (ii) and ≈40% for aM for case (iv) (Section 1.2), such that this 
comparison is not included herein. 

4.2. Comparison with SLTs 

The 45–50 m large IBT observed at Eqip Sermia (mechanism B) was 
successfully replicated by Lüthi and Vieli (2016) with the SLT hazard 
assessment method of Heller et al. (2009). This section aims to clarify as 
far mechanisms different from B, based on different physical principles 
(e.g. buoyancy-dominated mechanisms, overturning), can be predicted 
with available empirical equations for SLTs. This potentially enables to 
transfer knowledge of the established research field of SLTs to the 
relatively new field of IBTs. 

Fig. 12. Comparison of the relative iceberg- with landslide-tsunami height H/h decay with the reference point (○) at (r/h = 7.5, γ = 0◦): (a) H/h versus relative 
distance r/h and (b) H/h versus wave propagation angle γ. The data of each of the two scenarios of Mohammed and Fritz (2012) and of Evers et al. (2019a) overlap 
in (b). 
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This section focuses on the iceberg- and landslide-tsunami compar
ison in the far-field, which has not been addressed by H19. The wave 
heights in the far-field in a flume (2D) can be an order of magnitude 
larger than in 3D (Heller and Spinneken, 2015; Ruffini et al., 2019). 
Further, the IBTs investigated herein are in the Stokes-like wave regime 
(Grummel, 2018; Heller and Hager, 2011) being relevant as different 
wave types decay differently. The following comparison focuses there
fore on SLT studies involving Stokes-like waves in 3D. Studies meeting 
these criteria are Huber and Hager (1997), Panizzo et al. (2005), Heller 
et al. (2009), Mohammed and Fritz (2012), Heller and Spinneken (2015) 
and Evers et al. (2019a). These studies are summarised in Appendix C 
along with the dimensionless parameters in Table C1. 

Fig. 12a shows the wave height H/h(r/h, γ = 0◦) versus r/h in double- 
logarithmic form for the ranges included in Table C1. In order to 
compare these studies, they were arranged relative to the reference 
point (○) at H/h(r/h = 7.5, γ = 0◦) = 0.05, a location covered by all 
studies. The wave height decay of the present study is in good agreement 
with Heller and Spinneken (2015) and the scenario ex1 = − 0.76 and ex2 
= − 3.48 of Mohammed and Fritz (2012) (Appendix C). The maximum 
deviation of these two studies relative to the present study is only 15% in 
the investigated r/h ranges. The deviation from Huber and Hager (1997) 
is nearly 50% at r/h = 30 and an even larger deviation is observed for 
Evers et al. (2019a) (for an impulse product parameter P = 0.24, B =
1.07 and an impact angle α = 90◦, Appendix C). The agreement between 
the results of the present study and the scenario ex1 = − 1.36 and ex2 =
− 2.07 of Mohammed and Fritz (2012) and Evers et al. (2019a) with P =
0.02, B = 0.05 and α = 90◦ (Appendix C) becomes worse, with a dif
ference at H/h(r/h = 35, γ = 0◦) of up to a factor of 3. Potential reasons 
for this mismatch are the rather small dimensionless parameters inves
tigated in the present study compared to SLT studies (Table C1). Further, 
Evers et al. (2019a) analysed the wave decay exclusively in the far-field, 
while the wave decay of the present study starts in the near- and expands 
into the far-field (r/h ≥ 2.0). The smallest wave height decay is predicted 
by Panizzo et al. (2005) with only H/h ~ (r/h)− 0.44. 

A similar picture as for H/h(r/h, γ = 0◦) emerges for a/h(r/h, γ = 0◦); 
the decays found in some of the SLT studies match well with IBTs (the 
empirical equations of Panizzo et al., 2005, and of Heller and Spinneken, 
2015, perform best), but others match not well at all. This is in more 
detail discussed in Attili (2019). 

Fig. 12b shows the decay of H/h(r/h = 7.5, γ) with γ, based on 
the same studies as in Fig. 12a, and again with reference point (○) at 
H/h(r/h = 7.5, γ = 0◦) = 0.05. Generally speaking, the decay of IBTs 
with γ is poorly predicted with SLT equations, with the best agreement 
achieved by the study of Evers et al. (2019a) (the data points of both 
scenarios overlap, Appendix C). Evers et al. (2019a) found that the wave 
decay is a function of the slide impact angle α, which is α = 90◦ for IBTs 
in contrast to most SLT studies involving lower values for α (Table C1). 
Thus, the IBT heights are more uniform with γ, expressed as cos0.50(γ/2) 
and cos(γ/2) in Eqs. (9)–(14), than for SLTs. Given that the empirical SLT 
equations matching the IBT height H/h(r/h, γ = 0) and those matching 
the H/h(r/h = 7.5, γ) decay best are not the same, it is not surprising that 
the decay for r/h and γ combined for IBTs is unsatisfactory predicted by 
SLT equations. The corresponding figures are discussed by Attili (2019). 

H19 found that the maximum IBT heights HM of the most violent 
gravity-dominated mechanisms B and D are reasonable well predicted 
by SLT equations in the near-field, but less violent cases within mech
anisms B and D and the entire range of mechanisms A, C and D are not 
well predicted. The additional analysis in this section into the far-field 
reveals that IBTs of all mechanisms are unsatisfactory predicted with 
empirical equations for SLTs. There are, however, still many physical 

processes related between IBTs and SLTs (frequency dispersion, wave 
period range, wave types, effect of reservoir geometry, effect of mass 
type, etc.) making a literature review into SLTs still valuable for IBTs. 
Nevertheless, the newly introduced empirical equations of the present 
research are much better suited for hazard assessment of IBTs than 
existing empirical equations for SLTs. 

4.3. Application to real cases 

4.3.1. Application in nature 
The measured IBT parameters in the experiments can directly be 

applied to nature events in dimensionless form or upscaled in dimen
sional form by applying Froude scaling laws. This is demonstrated with 
some of the parameters shown in Table 4 and with applying the new 
empirical equations to predict the IBT of the 2014 Eqip Sermia Glacier 
event. Given that only measurements for a, and not for H, are available 
for this event, the expressions in Appendix B are applied. 

The scale factor λ is the ratio between a characteristic length in 
nature (subscript N) and the corresponding length in the model 
(subscript M) (Heller, 2011). Herein, the water depth h is selected for 
this purpose. In nature, h = 125 m (λ = 125 based on the experiments 
conducted at h = 1.00 m) is typical e.g. for the Bowdoin Glacier in 
Greenland (Minowa et al., 2019). A more extreme value h ≈ 800 m 
(λ ≈ 800) is observed in Greenland at the Helheim Glacier (Vaňková and 
Holland, 2016) and the Jakobshavn Isbræ (Amundson et al., 2010). The 
maximum wave height measured over all experiments is HM = 0.119 m 
(Table 4) with a wave period TM = 2.12 s for mechanism B corre
sponding to HM,N = λHM,M = 125⋅0.119 m = 14.9 m and TM,N = λ1/2TM,M 
= 1251/22.12 = 23.7 s in nature. Given the small section of the glacier 
front above water in relation to h, more realistic than mechanisms B and 
D based on λ = 800 and the investigated parameter ranges (Table 2) is a 
buoyancy-dominated fall case, represented by HM = 0.016 m and TM =

1.99 s (Table 4). This corresponds to HM,N = λHM,M = 800⋅0.016 m =
12.8 m and TM,N = λ1/2TM,M = 8001/21.99 = 56.3 s in nature. This wave 

Table 5 
Governing parameters of the 2014 Eqip Sermia Glacier event (data from Lüthi 
and Vieli, 2016).  

Symbol Unit Description Eqip Sermia 2014 
event 

h [m] Water depth 30 
l [m] Iceberg length 200 
b [m] Iceberg width 90 
s [m] Iceberg thickness 50 
Vs [m/s] Iceberg velocity 34.8 
zc [m] Initial position of the iceberg 

centroid 
100 

E [J] Released energy 7.2 × 1011 

[m3] Iceberg volume 9.0 × 105 

ρs [kg/ 
m3] 

Iceberg density 900 

ρw [kg/ 
m3] 

Water density 1 000 

Er [− ] Relative released energy 90.0 
F [− ] Froude number 2.03 
V [− ] Relative iceberg volume 33.3 
S [− ] Relative iceberg thickness 1.67 
B [− ] Relative iceberg width 3.00 
D [− ] Relative density 0.90 
ameas [m] Measured wave amplitude 45–50 
apred [m] Predicted wave amplitude 36  

V. Heller et al.                                                                                                                                                                                                                                   



Coastal Engineering 163 (2021) 103745

15

period matches well within T = 30–60 s observed by Amundson et al. 
(2010). T tends to increase further with r with the largest measured 
value T = 5.53 s (mechanism B at wave probe C35) over all experiments 
and wave probe locations scaling to TN = 156.4 s. Most IBT periods are 
thus much larger than for typical gravity Atlantic Ocean waves (10 s), 
and they indeed overlap with the lower spectrum of (landslide-) 
tsunamis. 

4.3.2. Eqip Sermia Glacier case 
The new empirical IBT Eqs. (B.2) and (B.6) are applied to the 2014 

Eqip Sermia Glacier case herein. The calving mechanism of this case was 
more complex than a gravity-dominated fall mechanism B as the ice 
mass slid on a concave-shaped glacier front surface (Fig. 3 in Lüthi and 
Vieli, 2016) and most likely disintegrated. Nevertheless, mechanism B 
represents this real case best out of the investigated ones. The governing 
parameters for this event are summarised in Table 5 where the water 
depth h = 30 m, iceberg length l = 200 m, iceberg thickness s = 50 m and 
iceberg volume = 9 × 105 m3 are estimates of Lüthi and Vieli (2016). 
The iceberg width b was estimated via , l and s as b = /(ls) = 90 m. 
The released energy E = 7.2 × 1 011 J was evaluated based on Table S1 of 
H19 for mechanism B and an initial position of the iceberg centroid zc =

100 m (Fig. 3 of Lüthi and Vieli, 2016). Lüthi and Vieli (2016) found Vs 
= 39–42 m/s based on energy conservation taking friction losses into 
account. Here a reasonably close value of Vs = 34.8 m/s was derived 
with the expression for mechanism B given in Table A1 based on Vb =

40.8 m/s, a mass of ms = ρs = 8.1 × 108 kg and an added mass of Ms =

1.4 × 108 kg (with an added mass coefficient CM = 0.78 for b/s = 1.8). 
The lower part of Table 5 includes the governing dimensionless pa
rameters Er, F, V, S, B and D. 

Eq. (B.2) for mechanism B results in a maximum wave amplitude aM 
= 36 m and Eq. (B.6) for all mechanisms combined in aM = 37 m. This 
corresponds to an underestimation of the measured aM = 45–50 m of 
Lüthi and Vieli (2016) by 20–28% (mechanism B) and 18–26% (all 
mechanisms). This is a satisfactory agreement considering the un
certainties in predicting the governing parameters, the violation of 
dimensionless parameter ranges and model effects (Section 4.3.3). 

4.3.3. Limitations 
A requirement for applying the new empirical Eqs. (3)–(14) and Eqs. 

(B.1) to (B.20) is that the dimensionless parameters in nature are within 
the investigated ranges (Table 2). In nature, Er, F, S, B and V start from 
0 such that the upper limits are most relevant. These combined limits for 
the 2014 Eqip Sermia (Lüthi and Vieli, 2016) and the 2011 Tasman 
Glacier cases (Dykes et al., 2016) as well as the recorded cases by 
Minowa et al. (2018) and Minowa et al. (2019) for the Perito Moreno 
and Bowdoin Glaciers are Er ≤ 90.0, F ≤ 2.03, S ≤ 1.67, B ≤ 3.00 and V 
≤ 33.3 (all given by the extreme case Eqip Sermia). The investigated 
parameter ranges in this study (Table 2) are all within these limits. D in 
nature is not expected to deviate significantly from the investigated 
conditions. The introduced equations are all empirical with uncertain 
prediction capabilities outside the parameter limitations. However, the 
underlying physics will not abruptly change from a certain dimension
less limit such that still good preliminary estimates may be achieved 
even if parameter ranges are violated. This was at least the case for the 
2014 Eqip Sermia Glacier case, where, despite the violation of parameter 
ranges, a good agreement with observations in nature was achieved 
(Section 4.3.2). 

Model effects can also be responsible for deviations between obser
vations in nature and predictions based on empirical equations. These 
equations were derived under idealised conditions, essentially involving 

prismatic rigid icebergs, idealised calving mechanisms, a constant water 
depth and a 3D water body geometry (laterally unrestricted, freely 
propagating waves). Evers et al. (2019b) showed that large deviations 
from these idealisations alter the SLT features significantly and their 
quantifications of these effects may also be applied to IBTs. A rigid 
iceberg compared to a granular (fractured) iceberg is likely to over
estimate the wave magnitude up to a factor of two (Heller and Spin
neken, 2013; Evers et al., 2019b), the effect of a changing bathymetry on 
the wave height can be estimated with Green’s law (Evers et al., 2019b) 
and the water body geometry (e.g. 2D compared to 3D) alters the wave 
magnitude by an order of magnitude or more in the far-field (Heller and 
Spinneken, 2015; Ruffini et al., 2019; Evers et al., 2019b). More research 
is required to quantify the effect of none-idealised iceberg geometries 
and combined iceberg-calving mechanisms and the prediction of the 
iceberg calving itself (Bassis and Jacobs, 2013; Todd et al., 2018) is 
outside the scope of the present work. 

If the parameter limitations are strongly violated or if the real con
ditions significantly deviate from the investigated idealisations, then 
prototype specific physical model tests (Fuchs et al., 2011) or numerical 
simulations (Chen et al., 2020) are recommended. These approaches 
result in more accurate predictions as they consider the specific iceberg 
and water body geometries and bathymetry. 

5. Conclusions 

The 66 unique large-scale iceberg-tsunami (IBT) experiments of 
Heller et al. (2019c) have been exploited to derive new empirical 
equations for both the near- and far-field for IBT hazard assessment and 
mitigation. These experiments have been conducted in a 50 m × 50 m 
basin with two prismatic polypropylene homopolymer blocks of up to 
187 kg weight mimicking icebergs. The experiments involved the five 
iceberg calving mechanisms: A: capsizing, B: gravity-dominated fall, C: 
buoyancy-dominated fall, D: gravity-dominated overturning and E: 
buoyancy-dominated overturning. The released energy E, water depth h, 
iceberg velocity Vs, iceberg thickness s, iceberg width b and the iceberg 
volume have been varied. The iceberg density ρs was close to that of 
ice and the water density ρw and gravitational acceleration g were 
constant (Table 2). The slide kinematics was measured with a 9-Degree 
of Freedom motion sensor, the wave profiles with up to 35 wave probes 
for different wave propagation angles γ up to a radial distance of r = 35h 
and cameras were used for general observations. The main conclusions 
of this study are:  

• The IBT features can be expressed as a function of six dimensionless 
parameters: the relative released energy Er = E/(h4gρw), Froude 
number F = Vs/(gh)1/2, relative iceberg thickness S = s/h, relative 
iceberg width B = b/h, relative iceberg volume V = /h3 and the 
relative density D = ρs/ρw, with the parameter ranges shown in 
Table 2.  

• Empirical equations for the most relevant IBT parameters in both the 
near- and far-field were presented for each individual iceberg calving 
mechanism and all mechanisms combined to support preliminary 
IBT hazard assessment and mitigation.  

• More energetic, faster and larger icebergs generate larger IBTs as 
shown by the positive exponents of Er, F, S, B and V in the empirical 
equations. 

• F, B and Er were found to be the most dominant dimensionless pa
rameters in the correlations with S, V and D playing a less significant 
role. 
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• The IBT heights generated by the gravity-dominated mechanisms B 
and D are roughly an order of magnitude larger than by mechanisms 
A, C and E. Subaerial icebergs of a given volume and geometry are 
therefore significantly more hazardous in terms of tsunami genera
tion than neutrally buoyant or underwater icebergs.  

• The maximum tsunami height decays approximately with (r/h)− 1.0, 
in agreement with theory and some subaerial landslide-tsunami 
(SLT) studies, while the effect of γ can be captured with a cosine 
function.  

• The IBTs at which the maximum wave heights HM were measured 
can be classified as linear- to Stokes-like waves propagating as deep- 
to intermediate-water waves.  

• The wave celerity of the first wave can roughly be predicted with the 
linear shallow-water wave celerity; a better prediction is possible 
with the general linear wave celerity (Eq. (15)), provided an estimate 
for the wavelength is available.  

• Predictions of the IBT height and amplitude decays in the far-field 
with established empirical equations for SLTs are overall 
unsatisfactory; SLT equations are therefore only suitable to predict 
the most violent IBT heights of mechanisms B and D and to provide 
an estimate of an upper envelope of HM over all mechanisms in the 
near-field (Heller et al., 2019c), but SLT equations are less instru
mental for the far-field.  

• Upscaling the results to nature based on Froude scaling laws shows 
that the wave periods are much larger than for typical gravity 
Atlantic Ocean waves (10 s) and overlap with the lower spectrum of 
(landslide-)tsunamis.  

• The new empirical equations replicate the 2014 Eqip Sermia Glacier 
event with an underestimation of 20–28%. This deviation is 
acceptable considering the uncertainties in predicting the governing 
parameters, the violation of dimensionless parameter ranges and 
model effects. 

Ongoing work numerically models some of the IBT laboratory ex
periments with a computational fluid dynamics solver. This solver can 
also be applied to real events including complex iceberg geometries, 
water body geometries and bathymetries and combined iceberg calving 

mechanisms (Chen et al., 2019, 2020). 
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Notation 

a wave amplitude, m 
a0,c1 initial wave crest, m 
a0,t1 initial wave trough, m 
A iceberg lateral submerged surface, m2 

AH iceberg surface perpendicular to the direction of motion, m2 

b iceberg width, m 
B relative iceberg width 
c wave celerity, m/s 
Ca inertia coefficient 
Cd drag coefficient 
Cd,fric friction coefficient between the iceberg and water 
CM added mass coefficient 
D relative density 
e0 initial submergence of the bottom of the iceberg, m; 
ex1, ex2 exponents 
E released energy, kgm2/s2 

Ek kinetic energy, kgm2/s2 

Er relative released energy 
f friction coefficient 
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F Froude number 
Fb buoyancy force, kgm/s2 

Fg gravity force, kgm/s2 

g gravitational acceleration, m/s2 

h still water depth, m 
H wave height, m 
l iceberg length, m 
L wavelength, m 
ms iceberg mass, kg 
M relative slide mass 
Ms added mass, kg 
P impulse product parameter 
r radial distance, m 
r0 impact radius, m 
r* surrogate radial wave propagation distance, m; 
R running resistance force, kgm/s2 

R Reynolds number 
R* relative surrogate radial wave propagation distance 
R2 coefficient of determination 
s iceberg thickness, m 
S relative iceberg thickness 
t time, s 
ts characteristic time of submerged landslide motion, s 
T wave period, s 
U Ursell parameter 
V relative iceberg volume 
Vb block velocity immediately before impact, m/s 
Vs iceberg velocity, m/s 

slide grain volume, m3 

iceberg volume, m3 

submerged iceberg volume, m3 

W Weber number 
Wf work required to lift a block from the final position to a reference level, kgm2/s2 

Wi work required to lift a block from the initial position to a reference level, kgm2/s2 

y coordinate in y-direction, m 
z vertical coordinate, m 
zc initial position of the iceberg centroid relative to the water surface, m 
α impact angle, ◦

γ wave propagation angle, ◦
η water surface elevation, m 
λ scale factor 
νw kinematic viscosity, m2/s 
π mathematical constant 
ρ density, kg/m3 

σw surface tension, kg/s2 

ωD iceberg angular velocity of mechanism D, 1/s; and 
ωE iceberg angular velocity of mechanism E, 1/s  

Subscript 
m mean 
meas measured 
M maximum, model 
N nature 
pred predicted 
s slide, used for ice herein (adopted from SLT research) 
w water 
1 first, section 1; and 
2 section 2  
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Abbreviation 
H19 Heller et al. (2019c) 
IBT iceberg-tsunami 
SLT subaerial landslide-tsunami 
2D two-dimensional (flume); and 
3D three-dimensional (basin) 

Appendix A. Iceberg velocity 

The iceberg velocity Vs, corresponding to the fastest moving section of the block, needs to be estimated before the empirical equations in Section 3 
and Appendix B can be applied. Expressions for Vs are summarised in Table A1 along with basic assumptions. Full details on how these expressions 
were derived are given by Attili (2019). The expressions are based on Burton et al. (2012), Massel and Przyborska (2013) and Attili (2019).    

Table A1 
Iceberg velocities Vs for different calving mechanisms. The symbols are explained in the notation.  

Iceberg calving  
mechanism 

Initial position of the iceberg Vs Basic assumptions References 

Capsizing (A)  [(1 − ρs/ρw)gl(1 − s/l)]1/2 Ek = E Burton et al. (2012) 
Gravity- 

dominated fall (B) 
zc > l/2 (msVb)/(ms + Ms) Vb = [2gzc(1 − fcotgα)]1/2; 

Ms = 1/4πρwbs2CM with  
coefficient CM  
tabulated in Patton (1964)  
for rectangular  
plates of different ratios of b/s 

Massel and  
Przyborska (2013) 
Patton (1964) 

l(1/2 − ρs/ρw) < zc ≤ l/2 [2g( ρs − ρw)/(ρwCd,fricA)]1/2 Balance equation: 
Fg − Fb − R = msdV/dt 
Resistance: friction  
with Cd,fric = 0.50  
and inertia  
with Ca = 0.25 

Massel and  
Przyborska (2013) 

Buoyancy- 
dominated fall (C) 

zc < − l/2 [2 (ρw − ρs)g/(ρwCdAH)]1/2⋅  
tanh(2e0/msVs[ρwCdAH (ρw − ρs)g/2]1/2) 

Balance equation: 
Fb − Fg − R = msdV/dt 
Resistance: drag 

Attili (2019) 

− l/2 < zc ≤ l(1/2 − ρs/ρw) [2g( ρw − ρs)/(ρwCd,fricA)]1/2 Balance equation: 
Fb − Fg − R = msdV/dt 
Resistance: friction with  
Cd,fric = 0.50 and inertia  
with Ca = 0.25 

Attili (2019) 

Gravity-dominated  
overturning (D)  

(msωDl)/(ms + Ms) ωD is estimated with Eq. (A.1) Massel and  
Przyborska (2013) 

Buoyancy-dominated overturning (E)  ωEl ωE is estimated with Eq. (A.2) Massel and  
Przyborska (2013)  

For mechanism A, the expression for Vs is based on the assumption that the released energy E of the iceberg equals to its kinetic energy Ek (Burton 
et al., 2012). For mechanism B and the mass starting above the water surface (zc > l/2), the impact force transmitted by the iceberg on the water body 
is assumed to be equal to the change of momentum of the iceberg (Massel and Przyborska, 2013) resulting in the velocity immediately after impact, 
taken as Vs. This requires the block velocity Vb immediately before impact, derived with potential and kinetic energy conservation including friction, 
and relying on the added mass Ms (Patton, 1964). For mechanism B and the mass being initially in contact with the water, Newtons 2nd law is applied 
including gravity force, buoyancy force and running resistance composed of the friction across the lateral submerged surface and the inertia force 
(Table A1). 

For mechanism C, Newton’s 2nd law is applied if zc < ‒l/2. The considered forces are gravity, buoyancy and running resistance forces, with the 
latter only considering the drag force with a drag coefficient Cd = 1.05 for a cube. The same principle and forces are applied if the block in mechanism 
C is partially submerged with the running resistance then composed of the friction across the lateral submerged surface and the inertia force. 

Mechanism D relies on the same equation as mechanism B, including Ms (Patton, 1964), but now with Vb = ωDl. The iceberg angular velocity ωD 
was expressed empirically based on Vs measured in the laboratory experiments and the dimensionless parameters (Section 2.3) as 

ωDl
̅̅̅̅̅
gh

√ = 2.29
(
E0.73

r S0.15B0.33V − 0.85D− 3.99) ( R2 = 0.99
)

(A.1) 

For mechanism E, Vs = ωEl is used with the angular velocity ωE correlated with the experimental data resulting in 

ωEl
̅̅̅̅̅
gh

√ = 0.28
(
E0.23

r S− 0.10B− 0.42V − 0.05D0.09) ( R2 = 1.00
)

(A.2) 
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Fig. A1 shows the predicted (subscript pred) velocities Vs,pred with the expressions in Table A1 versus the measured (subscript meas) Vs,meas in the 
experiments. Most points lie within the ±30% boundaries showing that Vs can well be predicted under idealised laboratory conditions. The same 
expressions may be applied to estimate Vs in nature.    

Fig. A1. Predicted Vs,pred versus measured Vs,meas iceberg (impact) velocities (R2 = 0.98).  

Appendix B. Further wave parameters 

This Appendix B includes the correlations of further wave parameters to complement Section 3. Fig. B1 shows the maximum relative wave 
amplitude aM/h versus a dimensionless parameter combination and Fig. B2 shows the normalised aM/h decay versus r/h. The corresponding empirical 
equations are: 

Capsizing:  

aM

h
= 0.93

(
E0.71

r F1.32S0.31B0.67V0.36D− 2.20)0.68 ( R2 = 0.34
)

(B.1) 

Gravity-dominated fall:  

aM

h
= 0.13

(
E0.20

r F1.66S0.21B1.46V0.20D0.20)0.50 ( R2 = 0.82
)

(B.2) 

Buoyancy-dominated fall:  

aM

h
= 0.38

(
E0.43

r F2.10S0.15B1.73V0.27D− 2.20)0.52 ( R2 = 0.90
)

(B.3) 

Gravity-dominated overturning:  

aM

h
= 0.20

(
E0.20

r F1.12S0.20B1.20V0.43D0.15)0.50 ( R2 = 0.96
)

(B.4) 

Buoyancy-dominated overturning:  

aM

h
= 0.10

(
E0.24

r F1.68S1.27B1.40V0.23D− 0.96)0.50 ( R2 = 0.75
)

(B.5) 

All mechanisms combined:  

aM

h
= 0.14

(
E0.20

r F2.07S0.10B1.20V0.20D0.40)0.50 ( R2 = 0.91
)

(B.6) 
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Capsizing:  

aM

h

(r
h
, γ
)
= 0.33

(
E0.79

r F1.40S0.81B0.83V0.10D− 1.08)0.50
(r

h

)− 0.77
cos0.50

(γ
2

) (
R2 = 0.39

)
(B.7) 

Gravity-dominated fall:  

aM

h

(r
h
, γ
)
= 0.21

(
E0.20

r F1.44S0.29B1.55V0.25D1.07)0.50
(r

h

)− 0.91
cos

(γ
2

) (
R2 = 0.89

)
(B.8) 

Buoyancy-dominated fall:  

aM

h

(r
h
, γ
)
= 0.25

(
E0.40

r F1.40S0.80B0.96V0.10D− 1.21)0.50
(r

h

)− 1.02
cos0.50

(γ
2

)
​
(
R2 = 0.86

)
(B.9) 

Gravity-dominated overturning:  

aM

h

(r
h
, γ
)
= 0.21

(
E0.20

r F1.55S0.20B0.43V0.25D0.17)0.50
(r

h

)− 1.06
cos

(γ
2

) (
R2 = 0.84

)
(B.10) 

Buoyancy-dominated overturning:  

aM

h

(r
h
, γ
)
= 0.18

(
E0.63

r F1.38S0.86B0.30V0.33D− 0.75)0.50
(r

h

)− 0.97
cos0.50

(γ
2

) (
R2 = 0.88

)
(B.11) 

All mechanisms combined:  

aM

h

(r
h
, γ
)
= 0.14

(
E0.20

r F1.27S0.10B0.76V0.20D0.16)0.50
(r

h

)− 0.98
cos0.50

(γ
2

) (
R2 = 0.78

)
(B.12) 

Fig. B3 shows the relative wave period TM(g/h)0.50 of HM for all experiments versus a dimensionless parameter combination (Fig. B3a) as well as the 
normalised TM(g/h)0.50 versus r/h (Fig. B3b) for all calving mechanisms combined resulting in  

TM

(g
h

)0.50
= 12.07

(
E0.16

r B− 0.24V0.24D3.00) ( R2 = 0.39
)

(B.13)  

TM

(g
h

)0.50(r
h
, γ
)
= 4.80

(
E0.05

r B− 0.06V0.10D2.99)0.79
(r

h

)0.34 (
R2 = 0.35

)
(B.14) 

F and S are excluded from Eqs. (B.13) and (B.14) as they do not improve the correlations. Further, TM in Eq. (B.14) was assumed to be independent 
from γ. 

Figs. B4 and B5 include the correlations for the first wave parameters for all mechanisms combined including the relative wave height H1/h 
(Fig. B4a) and amplitude a1/h (Fig. B4b) versus a dimensionless parameter group, the normalised H1/h (Fig. B4c) and a1/h (Fig. B4d) versus r/h, the 
relative first wave period T1(g/h)0.50 versus a dimensionless parameter group (Fig. B5a) and the normalised T1(g/h)0.50 versus r/h (Fig. B5b). The 
empirical equations based on Figs. B4 and B5 are   

H1

h
= 0.35

(
E0.33

r F1.14S0.35B0.50V0.55D0.40)0.59 ( R2 = 0.89
)

(B.15)  

a1

h
= 0.16

(
E0.28

r F0.91S0.56B0.22V0.77D0.40)0.63 ( R2 = 0.82
)

(B.16)  

H1

h

(r
h
, γ
)
= 0.39

(
E0.40

r F0.34S0.19B0.46V0.20D0.19)0.69
(r

h

)− 1.20
cos0.50

(γ
2

) (
R2 = 0.80

)
(B.17)  

a1

h

(r
h
, γ
)
= 0.17

(
E0.38

r F0.51S0.92B0.69V0.20D0.20)0.54
(r

h

)− 1.21
cos0.50

(γ
2

) (
R2 = 0.68

)
(B.18)  

T1

(g
h

)0.50
= 7.22

(
E0.10

r B− 0.39V0.10D3.00)0.42 ( R2 = 0.11
)

(B.19)  

T1

(g
h

)0.50(r
h
, γ
)
= 9.51

(
E0.05

r B− 0.08V0.05D3.00)0.97
(r

h

)0.24 (
R2 = 0.57

)
(B.20)  
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Fig. B1. Maximum relative wave amplitude aM/h versus a dimensionless parameter combination: (a) mechanism A with (–) Eq. (B.1) (–) ±40% deviation (R2 
= 0.34) 

and the data points of the two harder pushed experiments encircled, (b) mechanism B with (–) Eq. (B.2) (–) ±30% deviation (R2 = 0.82), (c) mechanism C with (–) Eq. 
(B.3) (–) ±40% deviation (R2 = 0.90), (d) mechanism D with (–) Eq. (B.4) (–) ±30% deviation (R2 = 0.96), (e) mechanism E with (–) Eq. (B.5) (–) ±20% deviation 
(R2 = 0.75) and (f) all mechanisms with (–) Eq. (B.6) (–) ±40% deviation (R2 = 0.91). For the notation see (f). 

V. Heller et al.                                                                                                                                                                                                                                   



Coastal Engineering 163 (2021) 103745

22

Fig. B2. Normalised relative maximum wave amplitude aM/h decay for all experiments with the relative radial distance r/h: (a) mechanism A with (–) Eq. (B.7) (–) 
±50% deviation (R2 

= 0.39) and the 11 largest outliers from the two harder pushed experiments encircled, (b) mechanism B with (–) Eq. (B.8) (–) ±50% deviation 
(R2 = 0.89), (c) mechanism C with (–) Eq. (B.9) (–) ±50% deviation (R2 = 0.86), (d) mechanism D with (–) Eq. (B.10) (–) ±50% deviation (R2 = 0.84), (e) mechanism 
E with (–) Eq. (B.11) (–) ±50% deviation (R2 = 0.88) and (f) all mechanisms with (–) Eq. (B.12) (–) ±50% deviation (R2 = 0.78). For the notation see (a). 
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Fig. B3. Relative wave period TM(g/h)0.50 of the maximum wave height for all experiments in (a) versus a dimensionless parameter combination with (–) Eq. (B.13) 
(–) ±50% deviation (R2 = 0.39) and in (b) normalised TM(g/h)0.50 versus the relative distance r/h with (–) Eq. (B.14) (–) ±50% deviation (R2 = 0.35). For the notation 
for (b) see Fig. 10a.   

Fig. B4. Relative wave height H1/h and amplitude a1/h of the first wave for all experiments: (a) H1/h versus a dimensionless parameter group with (–) Eq. (B.15) (–) 
±40% deviation (R2 

= 0.89), (b) a1/h versus a dimensionless parameter group with (–) Eq. (B.16) (–) ±40% deviation (R2 
= 0.82), (c) normalised H1/h versus the 

relative distance r/h with (–) Eq. (B.17) (–) ±50% deviation (R2 = 0.80) and (d) a1/h versus r/h with (–) Eq. (B.18) (–) ±50% deviation (R2 = 0.68). For the notations 
see (a) and (c). 
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Fig. B5. Relative first wave period T1(g/h)0.50 for all experiments: (a) T1(g/h)0.50 versus a dimensionless parameter group with (–) Eq. (B.19) (–) ±50% deviation 
(R2 

= 0.11) and (b) normalised T1(g/h)0.50 versus the relative distance r/h with (–) Eq. (B.20) (–) ±50% deviation (R2 
= 0.57). For notation for (b) see Fig. 10a. 

Appendix C. Details of SLT studies 

The SLT studies and empirical equations used in Section 4.2 are summarised here with the dimensionless parameter limitations given in Table C1. 
Huber and Hager (1997) conducted 150 experiments in a 6 m wide and 10 m long basin with water depths 0.12 ≤ h ≤ 0.36 m. Granular slide material 
was released on a 0.5 m wide hill slope running out into the basin. In addition, they also included data from case studies of snow avalanches and 
glacier calving with ρs ≈ 920 kg/m3. The Froude number F in Table C1 is defined with the slide front velocity. Huber and Hager (1997) provided 
0.09 ≤ /(bh2) ≤ 2.57, where is the slide grain volume, rather than a range for the relative slide mass M. Based on this data, they derived the 
following empirical equation for the maximum relative wave height 

(C.1)   

Table C1 
Dimensionless parameters of the present IBTs and 3D SLT studies.  

Study F [− ] S [− ] B [− ] M [− ] D [− ] P [− ] α [◦] r/h [− ] (γ [◦]) 

Present study 0.09–1.33 0.25–0.67 0.50–1.07 0.11–0.42 0.91–0.94 0.01–0.32 90 2.0–35.0 (0 - − 15) 
2.0–22.5 (− 30) 
2.0–15.0 (− 75 - − 45) 

Huber and Hager (1997) 1.06–1.84 – 1.39–4.17 – 0.92–2.70 – 28–60 5.0–30.0 (− 90 - 90) 
Panizzo et al. (2005) 1.00–2.22 0.11–0.45 0.38–1.50 – 2.20 – 16–36 1.3–15.1 (0–30) 

1.3–15.1 (60–90) 
Heller et al. (2009) 0.86–6.83 0.09–1.64 0.74–3.33 0.11–10.02 0.59–1.72 0.17–8.13 30 to 90 5.0–30.0 (− 90 - 90) 
Mohammed and Fritz (2012) 1 to 4 0.1 to 0.9 1 to 7 – 1.76 – 27.1 8.5–40.2 (0) 

8.6–40.3 (5) 
8.8–24.0 (13) 
9.1–25.0 (21) 
7.5–16.4 (30) 
9.2–12.1 (45) 
13.0–17.1 (60) 

Heller and Spinneken (2015) 0.54–2.47 0.25–0.50 1.20–2.40 0.25–2.49 1.45–1.60 0.16–1.56 45 3.0–35.0 (0–73) 
Evers et al. (2019a) 0.40–3.40 0.15–0.60 0.83–5.00 0.25–1.00 1.34 0.13–2.08 30–90 1.1–16.3 (0–90)  

Panizzo et al. (2005) conducted 288 3D block model tests. The rigid slides were released into a 12 m long and 6 m wide tank with h = 0.4 and 0.8 m. 
The slide was impacting in the corner of the basin and the basin mimicked a quarter of a water tank with the side walls as symmetry planes. A spring 
system at the bottom of the water tank stopped the slide abruptly once it reached the slope toe. F in Table C1 is based on the slide front velocity and the 
slide front angle was 90◦. Panizzo et al. (2005) provided 0.02 ≤ /h3 ≤ 0.70, rather than a range for M, as well as the dimensionless slide front surface 
0.04 ≤ sb/h2 ≤ 0.68 and the dimensionless time of characteristic submerged landslide motion 0.39 ≤ ts(g/h)1/2 ≤ 5.11. ts considers the time between 
slide impact and stop. Panizzo et al. (2005) describe the relative maximum wave height (with the splash zone data excluded) as 
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HM

h

(r
h
, γ
)
= 0.07

⎛

⎜
⎜
⎝

ts
(h/g)1/2

sb
h2

⎞

⎟
⎟
⎠

− 0.45

(sinα)− 0.88
(r

h

)− 0.44
exp(0.6cosγ) (C.2) 

with 

ts

(h/g)1/2 = 0.43
(

sb
h2

)− 0.27

F− 0.66(sinα)− 1.32 (C.3) 

Heller et al. (2009) derived the following 3D equation for the maximum wave height 

HM

h

(r
h
, γ
)
= (3/2)P4/5

(r
h

)− 2/3
cos2

(
2γ
3

)

(C.4)  

based on the impulse product parameter P of Heller and Hager (2010) defined as 

P = FS0.50M0.25{cos[(6/7)α ] }
0.50 (C.5)  

M = ms/(ρwbh2) is the relative mass with the slide mass ms. Eq. (C.4) was theoretically derived based on the 2D granular slide data from Heller and 
Hager (2010), a 2D to 3D transformation method implicitly included in Huber and Hager (1997) and by using the 3D decay term (r/h)− 2/3cos2(2γ/3) of 
Eq. (C.1). Several applications of Heller et al. (2009) confirmed that Eq (C.4) results in realistic predictions (e.g. Fuchs and Boes, 2010; Heller and 
Hager, 2014; Battaglia et al., 2015; Heller and Spinneken, 2015) such that Eq. (C.4) is nowadays perhaps the most applied SLT equation for hazard 
assessment. The parameter limitations are given in Table C1 with F based on the slide centroid velocity. 

Mohammed and Fritz (2012) conducted 88 tests within a 3D subaerial granular slide study in a 48.8 m long and 26.5 m wide basin at water depths 
of 0.3 ≤ h ≤ 1.2 m. F in Table C1 is based on the slide front velocity and α = 27.1◦ was constant. They also specified the relative landslide lengths 
2.5 < /(sbh) < 6.8 (corresponding to l/h for a rectangular block) and relative volumes 0.25 < /h3 < 30 in addition to the parameters given in 
Table C1. The relative first wave height is composed of the first wave crest and trough amplitudes as 

HM,1

h

(r
h
, γ
)
= 0.31F2.10S0.6

(r
h

)ex1
cosγ + 0.70F0.96S0.43

[
l
h

]− 0.50(r
h

)ex2
cosγ (C.6)  

with 

ex1 = − 1.2F0.25S− 0.02B− 0.33 and ex2 = − 1.6F− 0.41B− 0.02
[

l
h

]− 0.14

(C.7) 

Heller and Spinneken (2015) conducted 18 SLT experiments in a basin of unobstructed size of 7.4 m × 20.0 m with h = 0.24 and 0.48 m. They 
avoided wave reflection in their data for the first wave in the entire range 3.0 ≤ r/h ≤ 35.0 and 0◦ ≤ γ ≤ 73◦ (Table C1) by repeating the 18 experiments 
twice with different shore orientations within the basin. The slide masses were modelled with three rigid slides of weight of 32.5, 60.1 and 82.7 kg, 
maximum lengths of 0.35, 0.60 and 0.88 m, a constant thickness s = 0.12 m and a constant slide front angle of 45◦. F is based on the slide centroid 
impact velocity. They expressed the maximum wave height as 

HM,1

h

(r
h
, γ
)
= 2.75F0.67S1.00M0.60

(r
h

)− 1.0
cos

2

{
1+exp

[
− 0.2

(
r
h

)]}
(

2γ
3

)

(C.8) 

Evers et al. (2019a) conducted 74 SLT experiments in a 4.5 m × 8.0 m basin with deformable mesh-packed slides. They used a videometric 
measurement system, in contrast to wave probes used in all other studies in Appendix C, to achieve a quasi-continuous representation of the water 
surface. Evers et al. (2019a) investigated the first wave crest and through amplitudes separately in function of P resulting in the maximum wave height 

HM,1

h

(r
h
, γ
)
=

a0,c1

h
exp

[

− 0.4
(a0,c1

h

)− 0.3 ̅̅̅̅̅
R*

√
][

sech
(

3.2γ
90◦

)]cos[(6/7)α]exp(− 0.15
̅̅̅̅
R*

√
)
+

a0,t1

h
exp

[

− 0.4
(a0,t1

h

)− 0.3 ̅̅̅̅̅
R*

√
][

sech
(

3.6γ
90◦

)]cos[(6/7)α]exp(− 0.15
̅̅̅̅
R*

√
)

(C.9)  

with the initial wave crest a0,c1 and wave trough a0,t1 given as 
a0,c1

h
= 0.2P0.50B0.75{cos[(6/7)α ] }

0.25 and
a0,t1

h
= 0.35{PBcos[(6/7)α ] }

0.50 (C.10)  

r/h is defined by Evers et al. (2019a) as the sum of the relative impact radius r0/h and the relative surrogate radial wave propagation distance R* = r*/h 

r
h
=

r0

h
+

r*

h
(C.11)  
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with 
r0

h
= 2.5{PBcos[(6/7)α ] }

0.25 (C.12) 

Eqs. (C.6) and (C.9) require further specifications as the governing parameters (Table 2) enter the decay exponents; the extreme values for ex1 =
− 0.76 and − 1.36 (and ex2 = − 3.48 and − 2.07, respectively) were computed based on the extremes of the investigated range for mechanism B of the 
present study, given the similarity of this mechanism to SLTs. The two most extreme experiments of mechanism B (P = 0.02, b = 0.50 m, B = 0.50 and 
α = 90◦; P = 0.24, b = 0.80 m, B = 1.07 and α = 90◦) were also used to provide an upper and lower decay range for Eq. (C.9), resulting in a0,c1/h = 0.01, 
a0,t1/h = 0.02 and r0/h = 0.54, and a0,c1/h = 0.07, a0,t1/h = 0.08 and r0/h = 1.22. These two scenarios for Eqs. (C.6) and (C.9) are included in Fig. 12. 
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