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ABSTRACT

Ocean waves propagating through the Marginal Ice Zone (MIZ) and the pack ice are strongly
attenuated. This attenuation is critical for protecting sea ice from energetic wave events that could
otherwise lead to sea ice break-up and dislocation over large areas. Despite the importance of waves-
in-ice attenuation, the exact physical mechanisms involved, and their relative importance, are still
uncertain. Here we present for the first time direct in situ measurements of floe-floe interactions under
the influence of waves, including collisions between adjacent floes. The collision events we report
are aligned with the incoming wave direction, and phase-locked to the wave signal, which indicates
that the individual collisions we detect are wave-induced. The observations demonstrate that wave
attenuation by wave-induced floe-floe collisions, which have been studied in idealized laboratory and
field experiments in the outer MIZ, are indeed a likely source of wave energy dissipation deep inside
the MIZ as well.

1 Introduction

The polar sea ice is an important regulator of the global climate [Budikova, 2009]. In particular, polar sea ice limits
ocean-air fluxes of heat [Wettlaufer, 1991, Ivanov et al., 2019] and gases [Søren et al., 2011], limits fetch and wave
growth [Thomson, 2022], and the albedo of the ice sheets is a well known factor limiting the solar energy absorption in
the polar regions Bader et al. [2011].
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+: corresponding author.
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The outermost zone of the polar ice sheets is called the Marginal Ice Zone (MIZ) and is often defined as the region where
the sea ice concentration is between 15% and 80% [Aksenov et al., 2017, Strong and Rigor, 2013]. In the MIZ, ocean
waves are strongly attenuated, preventing break-up of the ice further in [Kohout and Meylan, 2008, Bennetts and Squire,
2012]. The details of the mechanisms causing wave-in-ice attenuation are still unclear, and a number of processes have
been suggested in the literature, including wave refraction and diffraction by individual floes [Bennetts et al., 2010],
viscous damping at the ice-water interface [Zhao et al., 2015, Sutherland and Rabault, 2016, Sutherland et al., 2019],
viscoelasticity [Zhao and Shen, 2018, Zhang and Zhao, 2021], and floe-floe interactions [Løken et al., 2022, Herman,
2018]. Uncertainties related to waves-in-ice damping mechanisms and intensity are currently limiting the accuracy of
coupled numerical weather prediction and climate models of the polar regions, and significant efforts are now going
into improving their accuracy [Boutin et al., 2020]. This uncertainty stems both from the large spread in different
waves-in-ice attenuation parametrizations and the significant discrepancies with in-situ observations [Voermans et al.,
2021].

Collisions between ice floes have been conjectured to be an important type of floe-floe interaction, yet their existence
has remained controversial in the academic community. In particular, Li and Lubbad [2018] observed in laboratory
experiments that collisions can take place and induce significant wave energy dissipation. Smith and Thomson [2020]
observed collisions between ice pancakes in the newly formed MIZ area. Rabault et al. [2019] used optical methods to
observe collisions between ice chunks and the associated water pumping in a small scale laboratory experiment. This
demonstrated that floe-floe collisions can cause wave-in-ice energy dissipation due to both the inelastic energy losses in
the collisions themselves, as well as the increased water turbulence levels and effective eddy viscosity induced in the
water immediately underneath the ice. Following these results, the study by Løken et al. [2022] found in idealized field
experiments that floe-floe collisions can amount to up to 45 % of the energy dissipated when ice floes move close to
each other, and confirmed that collisions, when occurring, are at the origin of complex water jets and eddies. Noyce
et al. [2023] recently reported time series of floe-floe collisions in the outer Antarctic MIZ during a polar cyclone. Even
though these observations were made during an extreme weather event and the sea ice concentration was moderate, and
though ice floes were smaller than deeper in the MIZ, this still suggests that floe-floe interactions and collisions are
important mechanisms in real world conditions. Floe-floe collisions are also believed to be strongly related to the floe
size distribution and likely to play a role in the merging and breaking of ice floes [Shen and Ackley, 1991, Herman,
2018]. Recently, Rabault et al. [2024] has presented observations that may indicate that sea ice convergence could
modulate the intensity of floe-floe collisions, with large impact on wave in ice attenuation.

Here, we provide the first direct evidence that floe-floe interactions and collisions regularly happen deep into the
MIZ and should be considered likely also under conditions representative of the deeper MIZ. We find more than 60
acceleration residuals in the horizontal plane that lie outside the 99.9% probability region in two time series. This
corresponds to more than five times the expected amount of extreme events, and is analogous to a 3σ-event in the one
dimensional setting. These collisions are aligned with the dominating wave direction, and phase locked with the wave
signal, strongly suggesting that the individual collisions we detect are wave-induced.

In the following, we start by presenting our observational dataset. We then describe the methodology used to detect
collisions in our acceleration time series, and to confirm that these are related to the incoming waves. Finally, we
discuss our findings and their implication for wave in ice damping, and we suggest additions to the firmware of existing
wave in ice buoys to allow the retrieval of large datasets of in-situ floe-floe collision occurrences.

2 Data and Methodology

2.1 Buoy deployment and raw data recovery

A total of 6 waves in ice buoys (OpenMetBuoy-v2018, OMB-v2018 for brevity, see Rabault et al. 2020) were deployed
during the summer 2020 on the Yermak Plateau in the MIZ north of Svalbard from the Research Hovercraft R/H
Sabvabaa [Hall and Kristoffersen, 2009]. The use of a hovercraft allowed navigation of the MIZ in a variety of
conditions, with a much lower environmental footprint than a traditional icebreaker.

The OMB-v2018 performs wave measurements using a Vectornav VN100 Inertial Motion Unit (IMU), and uses GPS to
determine its position. The wave motion data are sampled over 20-minute intervals every four hours from records of
vertical acceleration sampled at 10 Hz by the VN100 [Rabault et al., 2017]. The VN100 has built-in accelerometer,
gyroscope, and magnetometer, and performs on-board Kalman filtering [Rabault et al., 2016, 2020]. This filtering
ensures that the full 3-dimensional acceleration experienced by the buoy in the North-East-Down (NED) frame of
reference is captured in the time series. Due to the presence of large batteries and cables carrying electrical currents in
close vicinity to the VN100, the magnetometer data come with significant uncertainty and orientation relative to north
should only be considered as an indication.
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The OMB-v2018 performs in-situ data processing, computes the wave spectrum using the Welch method and adequate
lowpass filtering [Rabault et al., 2020], and transmits compressed wave spectra back over the iridium network. The 6
OMB-v2018 operated over a two months period. The reader curious of more technical details is referred to Rabault
et al. [2023] for a full description of the methodology and access to the transmitted data (which are available openly on
GitHub1 ). No information about floe-floe collisions is available from the compressed spectra transmitted over satellite,
and these data will, therefore, not be discussed in the following article.

Figure 1: (A): trajectory of the recovered OMB-v2018. The buoy recovered was deployed on 2020-08-17, and stopped
transmitting on 2020-09-09. Two years after deployment, the buoy was found close to the farm Hafnir, in the Skagi area
in Northern Iceland. We indicate the area where the sea ice concentration (SIC) is greater than 0.05 on 2020-08-29T12Z
according to the ASMR2 Sea Ice model [Spreen et al., 2008]. The buoy trajectory is shown in light blue. (B): illustration
of the deployment of the buoy. (C): picture of the recovered buoy (Photo credits: Lísabet Guðmundsdóttir). Despite
the seawater damage to the electronics, the SD card was intact and raw timeseries data could be recovered, which
constitutes the dataset used in the present work.

One of the six buoys was subsequently found by an icelandic archeologist over 2 years after deployment, stranded in
Northern Iceland close to Skagi, long after it had stopped transmitting data, see Fig. 1. Following the internal design
and working of the OMB-v2018 [Rabault et al., 2020], the full time series from the GPS and IMU present on-board are
available on internal SD cards included in the buoy. Since the SD card is a robust device embedded in plastic and with
gold plated, non corrodible connectors, all data could be successfully recovered. As a consequence, the full time series
of the wave motion encountered by the buoy during its operation are available, providing a total of 142 individual files,
containing each a 20 minutes IMU and GPS time series.

Upon analysis, the buoy that got stranded was found to be the instrument 18954 from Rabault et al. [2023]. The trajectory
of all the buoys in this dataset, superimposed on synthetic aperture radar (SAR) images taken on the 2020-08-29, are
presented in Fig. 2.

1https://github.com/jerabaul29/data_release_waves_in_ice_2018_2021/tree/main/Data/2020_July_

Yamal; note that the name "Yamal" in the URL is incorrect, actually this is on the Yermak plateau; since this URL is used as an
archive, it is not modified.
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Figure 2: Trajectories of the buoys deployed 2020-08 over the Yermak plateau area, superimposed on synthetic aperture
radar (SAR) images of the MIZ on 2020-08-29. The buoy that was recovered is the northernmost one, which is shown in
red. The markers indicate the position of each buoy on the 2020-08-29 at 12 UTC. The figure is created using the Ocean
Visual Laboratory tool (permalink: https://odl.bzh/vEFWnkH0). Sea ice is clearly visible in the SAR images, and
the buoy recovered is deep in the MIZ.

2.2 Signal processing of recovered in-situ time series

We re-compute all wave quantities from the raw data on the SD cards, including the double-integrated wave elevation,
significant wave height and peak period. These are computed using the same method as Kohout et al. [2015]. Writing F
and F−1 for the Fourier transform and the inverse Fourier transform, respectively, the surface elevation is computed as

η = F−1 [R(f)F [az(t)](f)] (t), (1)

where R(f) are the same response weights used by Kohout et al. [2015], which are derived in Tucker and Pitt [2001] as:

4
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R(f) =


0, for f < f1,

− 1
4πf2

[
1 − cos

(
π(f − f1)
f2 − f1

)]
, for f1 ≤ f ≤ f2,

− 1
2πf2 , for f2 < f < fc.

(2)

In the expression above, fc denotes the Nyquist frequency, while f1 and f2 are threshold frequencies which we set to
0.2 and 0.3 Hz respectively, the same values used by Rabault et al. [2023]. This methodology performs both double
integration in time and lowpass filtering, while alleviates low frequency integration noise issues common with IMU
wave data.

We compute the significant wave height Hs and peak period Tp from the surface elevation as:

Hs = 4ση = 4
√∑

i

(η(ti))2, (3)

Tp = 1
fmax

, (4)

where fmax is the frequency at which the PSD reaches its maximum value.

We also compute the wave power spectral density (PSD) of the surface elevation directly from using the Welch transform
of the wave elevation η(t) with a window size of 1024 points and an overlap of half the window size.

In our analysis, we need to separate the "wave" signal from the "non-wave" (residual) signal, which includes both
sensor and signal processing noise, and (as we will demonstrate) collisions. For computing this residual, a highpass
filter of the surface elevation η(t) is implemented using a fifth order Butterworth filter (Virtanen et al. [2020]) with a
cutoff frequency of 0.3 Hz. This cutoff frequency was decided by direct observation of the wave power spectral density
(PSD), so as to exclude any wave signal content from the residual. This is illustrated, for a few specially interesting
time series, in Fig. 3. A similar methodology, using the same filter, is used to also separate the wave and the residual
signals on the acceleration time series.

We also estimate the wave signal phase in order to analyze the physics of the residuals signal. To do so, we compute the
phase of the filtered wave signal (obtained by subtracting the residual signal from the total elevation η(t)) using the
Hilbert transform Virtanen et al. [2020], from which we obtain both the wave signal envelope and the complex wave
signal phase.

2.3 Detection of Collisions

The measured accelerations contain three contributions: (i) the motion of the ice floe the buoy is resting on while
it follows the waves, (ii) other physically meaningful signals, in particular, as we will demonstrate in the following,
floe-floe collisions, (iii) sensor and signal processing (in particular Kalman filter) noise. The latter two, i.e. (ii) and (iii),
correspond to the residual signal computed above.

The noise contribution (iii) arises from the noise in the micro-electromechanical systems (MEMS) sensors used in the
IMU, and its propagation through the embedded Kalman filter run on-the-fly. According to the datasheet of the IMU,
and in agreement with previous observations [Rabault et al., 2020], this generally follows a normal distribution. As a
consequence, statistically significant deviations from a normal distribution in the residuals is a likely signature that
physically meaningful signals, corresponding to actual signal (ii) rather than noise (iii), are happening. To detect this,
we compute the 99% and 99.9% probability areas for the residuals under an assumption that the residuals are normally
distributed. If the residuals deviate from these probability areas, the residuals are most likely not normally distributed
and likely contain physically meaningful signal (ii).

To test this formally, we use a Pearson chi squared test on each of the time series, testing if the residuals could be
treated as Gaussian noise against the alternative hypothesis that this is not the case (See chapter 13 of Devore et al.
[2021] for more technical details). To do this, we bin the data into 10 domains. These are constructed so that, under
the null hypothesis, all bins have equal probability. This ensures that roughly the same amount of data points should
land in each bin if normally distributed. Let Ij denote the j-th bin, then the Pearson chi squared test statistic takes the
form K =

∑10
j=1(Nj − Ej)2/Ej , where Ej = {#Datapoints in the time series/10} is the number of data points we

5
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Figure 3: Illustration of the power spectral density (PSD) of the wave elevation η(t) obtained for the two files of interest
(FOIs) and File 335, which contains no confirmed collisions. The high frequency cutoff used to separate between the
wave signal and the residual signal is well above the frequency range in which wave activity is observed. Clear low
frequency swell, well above the instrument background noise level, is observed in all time series. Here, the cutoff
frequency used for the high pass filter is shown by the red dashed line, the mean noise level by the horizontal green
dashed line, and the PSD by the black line. The frequency band for the swell is highlighted with a blue background.
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would expect landing in cell Ij and Nj is the number of residual landing in bin Ij . Under the null hypothesis, K is
χ2-distributed with six degrees of freedom as we need to estimate the covariance matrix by the empirical covariance
in the data. Hence, the null hypothesis is rejected on an α significance level if K exceeds the 1 − α quantile in the
χ2-distribution with six degrees of freedom.

We test for collisions in all 142 time series recovered from the SD card. Hence, we are performing 142 hypothesis
tests simultaneously. Because of the nature of hypothesis tests, this will lead to multiple correct null hypotheses being
rejected. If we for instance use a 1% significance level for the tests, we would expect about seven of the null hypotheses
being falsely rejected. To mitigate this, we performed a Bonferroni correction. This is done by testing each hypothesis
on a α/142-level rather than α-level for some fixed α (e.g. 1%). This method ensures that the probability of the test
procedure rejecting at least one correct null hypothesis is controlled, rather than the significance level of each individual
test (see [Hastie et al., 2009, p. 686]). Hence, after performing a Bonferroni correction, the probability of the test
procedure falsely rejecting at least one true null hypotheses is bounded by α.

2.4 Ocean and sea ice model data

Model data leveraging assimilation of satellite observations are used to estimate ocean and sea ice conditions in the
area where the recovered buoy was active. In particular, we use the WAM-4km model data, run operationally at the
Norwegian Meteorological Institute (MetNo), to estimate the open ocean wave conditions. WAM-4km is run using
WAM Cycle 4.7. provided by the Helmholtz-Zentrum Geesthacht [Group, 1988, Günther et al., 1992]. The version
used at MetNo has several updates. The most relevant are: i) new physics based on Ardhuin et al. [2010], ii) correcting
the growth of the waves in very high winds [Breivik et al., 2022]. The corresponding model data are openly available2.

Sea ice conditions estimates are gathered from the Nordic4 model, run operationally at MetNo and openly available3.
The Nordic4 model uses the simple Budgell sea-ice model [Budgell, 2005], with flux correction and nudging of the sea
ice concentration towards observed ASMR2 sea ice concentration [Spreen et al., 2008]. This provides access to robust
estimates of both the sea ice concentration (SIC) and sea ice thickness (SIT).

3 Results

3.1 Collisions detection: direction and phase locking with incoming waves

Using the methodology presented earlier, we find significant (according to the Pearson Chi squared test with Bonferroni
correction and a 99% confidence threshold) extreme residual events in four time series. Upon manual inspection, we
found clear signs of collisions in two of these, namely files F291 and F312 (which we will refer to as the files of interest,
FOIs, in the following). These events correspond to the occurrence of many extreme residual values in the VN100
acceleration time series, each lying outside the 99.9% probability area. An illustration of the corresponding events is
shown in Fig. 4, which confirms that clear extreme events signal standing out from the wave signal and the background
noise is observed. We also present the time series obtained from file F335, in which the 99% confidence interval test is
not conclusive. As visible there, though our test is negative, a few points still stand out and could be possible evidence
of complex dynamics. This may indicate that our test is actually quite a bit more restrictive than it needs to be, and that
more events may be present than what our test reports, but it also gives us confidence that the events flagged by our test
are very likely to be more than random chance.

We present the residuals in the 2D horizontal plane in Fig. 5 for the same three files, including the two FOIs, plus F335
where no extreme residual values are detected. Each time series is twenty minutes long with a measuring frequency of
10 Hz. Hence, the expected amount of points outside the 99.9 % probability region is 12 if the residual data are normally
distributed. This is not the case in the two FOIs, F291 and F312, where there are 108 and 67 extreme residual events
respectively. This is shown in sub-figures (A) and (B) in Fig. 5, where the purple ellipse shows the 99 % probability
region and the yellow one encompasses the 99.9% probability region. By contrast, this is approximately the case for
the reference file F335, where there are 10 extreme residual events. These extreme residuals are, in both FOI cases,
generally aligned within a single consistent direction (different between F291 and F312), which corresponds generally
with the dominating incoming wave direction obtained from the WAM-4km model data, as also visible in Fig. 9 further
down. We note that minor orientation differences between the incoming wave field and the collisions can be explained
by, e.g., the specific shapes and relative positions between adjacent ice floes.

We find, upon closer investigation, that the extreme residual values in the FOIs are caused by the signal in the horizontal,
rather than vertical, direction. In Fig. 6 we show the scatter plot of the vertical acceleration versus the magnitude of the

2https://thredds.met.no/thredds/catalog/fou-hi/mywavewam4archive/catalog.html
3https://thredds.met.no/thredds/catalog/fou-hi/nordic4km-zdepths1h/catalog.html
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Figure 4: Illustration of the detected extreme residuals: time series from the FOIs F291 (top) and F312 (middle). A file
for which the test is negative is also presented for reference (F335, bottom). The magnitude (so as to be independent of
direction) of the measured acceleration vector in the horizontal plane is shown in blue. The red dots show individual
extreme measurement events where the residual is outside of the 99.9% probability region. As visible in Fig. 3,
significantly more wave energy is present in F291 than in F312. As a consequence, the horizontal wave acceleration
signal is clearly visible in F291, while it is harder to see due to the much lower signal to noise ratio in the case of F312
(though Fig. 3 proves that waves are present also in F312).
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Figure 5: Illustration of the horizontal component of the residual signal in three different time series. In the FOIs (file
291 (A) and 312 (B)), there are clear extreme values in the scatter plots, that are well outside of the 99.9% confidence
intervals that would be expected if the data had been normally distributed. In file 335 (C, representative of the non-FOI
files), no such extreme events are found in the residuals. The residual data points are marked as either blue if the residual
is within the 99.9% probability area, or red if the residual is outside this area. The ellipses in black and yellow show the
99% and 99.9% probability areas, respectively. These areas are the region which, under the null hypothesis of normally
distributed data, contain 99% and 99.9% of all data points. The orientation of the residual extreme events agrees overall
well with the dominating incoming waves direction. The direction of the wave field, found by determining the horizontal
direction of maximal wave acceleration intensity in the lowpass-filtered wave field IMU data, is shown as the IMU
wave direction lines. The arrow shows the estimated direction of the geographic north, computed using the magnetic
decline using the World Magnetic Model Chulliat et al. [2020]. The direction of the incoming waves is also shown in
Fig. 9, suggesting the waves are coming from the south in the two FOI.

horizontal acceleration. The horizontal acceleration is defined as

ah =
√

a2
x + a2

y. (5)

The predominantly horizontal component of the extreme residual values shown in Fig. 6, is the expected pattern for ice
floes colliding with their neighbours.

The extreme values in the residuals are likely to be caused by floe-floe collisions induced by the incoming waves. This
is supported both by the general alignment of the residual acceleration extreme events in the horizontal plane with
the dominating incoming wave direction, and the absence of extreme residuals in the vertical direction. In order to
further cross-check this hypothesis, we look at the correlation between the instantaneous wave phase obtained by the
Hilbert transform of the double integrated wave elevation η(t), and the occurrence of extreme events in the acceleration
residuals. If the extreme residual events are independent of the wave field, and hence not wave driven collisions, we
would expect a uniform distribution of extreme residuals over the phase of the wave field. As visible in Fig. 7, the
extreme events are clearly not uniformly distributed, and hence the extreme events follow the phase of the wave field.

Following the evidence presented above, it appears most likely that the extreme residual events recorded in the FOIs
correspond to wave-induced collisions between adjacent floes.

3.2 Waves and sea ice conditions when collisions happen

A key aspect of our observations is that they are obtained deep into the MIZ. This is made visible by Fig. 8: the
buoy recovered is typically around 80 km further in the ice compared with the location of the 5% SIC limit (open sea
threshold of the figure), and 40 to 60km further in compared to the 25% SIC threshold. While the SIC at the location
of the buoy fluctuates in time according to the model, which may be attributed to the effect of winds and currents on
the level of sea ice packing, the SIC is typically over 80% at the location of the buoy and already around 80% for
approximately 55 km (respectively 35 km) in the MIZ area towards the open ocean in front the buoy, for the two FOIs,
respectively.

9
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Figure 6: Illustration of the horizontal residuals vs the vertical residuals in three different time series. Clear extreme
events are observed in the FOIs (files F291 (A) and F312 (B) where we discovered residual extreme events), similarly
to Fig. 5. By contrast, no residual extreme events are found in file 335 (C). The ellipses show the 99% and 99.9%
probability areas under the hypothesis that the residuals are normally distributed, similarly to Fig 5. Strikingly, the
extreme events correspond to large values of the horizontal, but not the vertical, residuals. This corresponds well to
what would be expected from the collision between adjacent floes.

10
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Figure 7: Phase diagram of the extreme residual values detected the two FOIs, relative to the incoming wave phase. The
phase of the wave field is found using a Hilbert transform. Then, each extreme residual event (meaning it is outside the
99.9% probability region) is plotted at its respective phases. The upper half of the circle is the wave crest, while the
bottom half is the wave trough. Clear phase clustering is observed in both FOIs, indicating that the occurrence of the
extreme events we detect is strongly correlated to specific portions of the incoming wave phase motion.

A synoptic view of the wave conditions in the area is presented in Fig. 9. In both cases, there is significant wave energy
incoming in the MIZ. In the case of F291, the incoming wave energy comes mostly from the locally generated wind sea
partition according to the wave model. However, there is significant fetch available, so this results in a Hs of up to
around 2m and the existence of low frequency components in the wave spectra generated, as visible in Fig. 3. In the
case of F312, the incoming wave energy comes mostly from the long traveling swell partition according to the wave
model, which is in good agreement with the observation of waves of lower peak frequency, as visible in Fig. 3. In
addition, the Hs is typically quite a bit lower, down to typically 1 m outside of the MIZ for the swell heading to the
buoy, corresponding well to the lower energy levels observed in the spectrum from F312. This confirms that, in both
cases, wave energy incoming from the South (respectively South-South-East) is expected at the location of the buoys, in
good agreement with the general horizontal direction for the collisions observed in Fig. 5.

In Fig. 10, the peak period and significant wave height for each time series is shown. A significant number of files
in the early part of the time series contain very little wave motion, and as a consequence the recorded time series are
dominated by sensor noise and Tp saturates to very long periods due to the low frequency noise implied by the double
time integration (similar to what is described in, e.g., Rabault et al. [2022]). The corresponding samples are indicated
with a transparent color in Fig. 10.

4 Discussion

The statistical Chi-squared test we implement discovers clear extreme residual acceleration events in the raw time series
recovered from our stranded ice buoy. In particular, the null hypothesis of normally distributed residuals was rejected in
four files with a confidence of 99%. Upon closer analysis, in two of these four files, we find extreme acceleration events
outside the 99.9% probability area in the horizontal plane, that are both generally aligned with the incoming wave
direction, and are phase locked with the wave signal recorded by the buoy. Therefore, we have compelling evidence
suggesting that these acceleration events correspond to wave-induced floe-floe collisions.

While we have convincing evidence that our records contain wave-induced floe-floe collisions, it is difficult to be
more specific about the detailed mechanics of these collisions. While the motion of the sea ice under the influence of
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Figure 8: Sea ice concentration (SIC) encountered by waves propagating into the MIZ following the peak wave direction,
according to the sea ice model. The blue dashed line shows the threshold corresponding to a SIC of 5%. The red dots
indicate the buoy location at the time corresponding to each SIC profile. All SIC profiles are aligned to start right at the
start of the MIZ (according to the 5% SIC threshold criterion) at the 0 km distance. The two FOIs are highlighted in a
dark color. As visible, the buoy is in the deep MIZ during the time corresponding to both FOIs.

waves is mostly happening in the vertical direction, some residual horizontal motion can also take place. Therefore, if
neighboring ice floes are close enough, it is possible that this residual horizontal motion can lead to floe-floe collisions,
as recently discussed in Rabault et al. [2024]. While one could expect that adjacent floes with similar shapes move in
(near) synchronization under the influence of monochromatic waves, real world conditions can lead to the existence of
significant relative motion between floes. In particular, real world wave fields are not monochromatic and individual
waves have a spread in both their individual amplitude and wavelength. This naturally leads to different forcing between
consecutive waves, which can result in different motion between adjacent floes at any given time, and, hence, collisions.
In addition, ice floe sizes typically follow a relatively broad floe size distribution [Toyota et al., 2006]. This means
that adjacent floes can have different responses to the same incoming waves, which, in turn, can also be a source of
collisions. However, more work will be needed to investigate the detailed underlying mechanics, possibly by combining
buoy observations with other more exhaustive techniques.

Extreme acceleration events acting on ice floes in the MIZ have also been investigated by Laderach and Schlindwein
[2011]. In that study, the authors used seismometers to investigate earthquakes in the area surrounding the Gakkel
ridge north of Svalbard. While their study explicitly only considers the seismological activity, the authors note they
discovered several icequakes in the data, which they postulate could stem from ice dynamical phenomena such as
cracking or floe-floe collisions. The ice quakes are, similarly to the extreme events discussed in this article, mainly
aligned in the horizontal plane, which clearly separates them from the vertical movements associated with earthquakes.
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Figure 9: Situation map showing the sea state for the two FOIs at the time when the collisions occurred. The sea ice
concentration is shown in all four figures. The top row (figures (A) and (B)) shows the model swell partition significant
wave height and direction at the time of F291 (left) and F312 (right), respectively, while the bottom row (figures (C) and
(D)) similarly shows the model wind sea partition significant wave height and direction for the two FOIs. The position
of the buoy at the time corresponding to each file is marked with a light blue star.
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Figure 10: Significant wave height (red) and peak period (blue) obtained from processing of the raw data files obtained
from the SD card of the recovered buoy as a function of time. The green dashed lines indicate the times for which
we detect collisions following the 99% confidence test and where we also observe clear signs of collisions in the
raw acceleration. All time series with a Tp > 30 seconds are marked with a lighter colouring to indicate files where
there is little to no wave activity and the peak period saturates due to the low frequency noise inherent to acceleration
measurements.

However, the presented data in Laderach and Schlindwein [2011, figure 6], does not seem to be caused by the same
mechanisms governing the extreme events we present in e.g. Fig. 4. The icequakes discovered by Laderach and
Schlindwein [2011] are shorter in duration, at ≈ 10 seconds (subfigure 6 (B) of Laderach and Schlindwein [2011]),
compared to the periodic spikes in Fig. 4 which occur routinely over a time period of over a minute. Furthermore, the
icequakes exhibit a significantly higher frequency than what is seen in Fig. 4, suggesting other mechanisms than wave
in ice activity caused the ice quakes presented in Laderach and Schlindwein [2011].

Another interesting finding is that the collisions we detect do not seem to be strongly correlated with the significant
wave height. More specifically, we find, surprisingly, no clear relationship between Hs and the existence of collisions
in the data. A possible explanation is that our collision detection criteria is too strict, and that collisions are happening
in high Hs situations, but the sigma-filtering criterion we use is not sensitive enough to detect these and only detects the
strongest and most obvious collisions. More work, and more advanced statistical analysis, may be needed to test this
hypothesis further. However, this may also be explained by Hs not being a predictor for the presence of collisions. This
explanation is supported by our observation that the collisions we detect happen when a sudden, drastic change in the
local conditions takes place. More specifically, the collisions we detect here happen when a sudden jump in Hs and
peak wave period take place, as shown in Fig. 10. This may indicate that collisions happen mostly when the sea state is
"out of balance" with the incoming wave conditions, i.e. when sea ice needs to "adapt" to sudden changes in the forcing
acting on it.

Therefore, while the waves are a key ingredient in the local mechanisms at the origin of the collisions we observe,
as our data indicate that waves are the local driver for individual collision events, wave activity does not seem to be
enough to induce floe-floe collisions. Following this observation, there must be additional factors, either local or
influencing the ice sheet at a larger scale, that contribute to creating conditions that are favorable for wave-induced
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floe-floe collisions. We observe no particular periodicity in the occurrence of collisions in our data, which indicates that
tides and tidal currents by themselves are not a likely large scale mechanism to produce the conditions favorable to
collisions. Moreover, we have investigated (not reproduced here for brevity) the relation between the observation of
collisions in the FOIs and the sea ice drift pattern recorded by the GPS at 1Hz during the 20 minutes wave measurement
intervals. There also, we were not able to find a particular pattern or relation between the sea ice drift velocity at the
location of the buoy by itself, and the presence or absence of collisions. Therefore, while sea ice drift may be an
enabling factor to create conditions that allow for wave-driven collisions, the local sea ice drift velocity of an individual
floe does not appear to explain for the occurrence of collision events. Similarly, we investigated the wind conditions
over the whole MIZ area around the buoy (not reproduced here for brevity), and we found that the wind conditions are
very different between the two FOIs (in the case of F291 the typical wind speeds and direction in the MIZ area around
the buoy are 10 m/s towards the ice, while for F312 we observe typically down to around 5m/s towards the open water),
so that there is no simple link between wind and the occurrence of collisions either. Interestingly, recent works by our
group [Rabault et al., 2024] indicate that more complex large scale ice sheet properties resulting from a combination of
forcings, such as the general patterns of sea ice convergence and divergence, may play a role in modulating the wave
in ice attenuation damping and possibly the presence of collisions in some circumstances. However, more work and
the gathering of larger, statistically representative datasets, will be needed to further investigate this hypothesis and
to provide data-based evidence on what ice sheet properties create favorable conditions for floe collisions under the
influence of waves.

The present study owes a lot to luck and serendipity. Both the fact that the instrument v-2018 contains a SD card with
a full copy of the time series (which is due to the fact that the microcontrollers available back then were not able to
perform the signal processing needed, so that an additional RaspberryPi had to be added for processing the time series),
and the fact that the instrument recovered got stranded, was found, and that the SD card was not damaged, are a strike
of luck. However, it would be easily possible, based on the experience obtained from the present dataset, to adapt
existing open source instruments firmware, such as the OMB-v2021, to i) save raw time series on an embedded SD
card in case the instrument is found again, ii) compute in-situ a number of collision statistics, such as the ones used
here, and append these to the wave spectra that are being transmitted. Since a simple metrics of collisions, such as
the number and relative strength of extreme acceleration events, and their correlation with the wave phase, would be
only a few scalars, this would not add prohibitive transmission costs nor energy consumption to the design. Moreover,
all the data needed to perform such an analysis are already available on-board. Adding such metrics to wave in ice
buoys transmissions would allow to perform large scale, statistically representative analysis of the correlation between
collision-like proxy metrics, changes in the sea ice and wave in ice conditions, and the wave in ice attenuation rate.

We also observe that the present study reaches several conclusions that seem to converge with the findings of Rabault
et al. [2024]. There, the authors observe strong modulation in the wave in ice Hs, and proceed by elimination to suggest
that the switching on and off of floe-floe interactions by large scale sea ice convergence and divergence patterns may be
a possible mechanism. The present study confirms that the existence of collisions is a realistic mechanism, as discussed
in the study of Rabault et al. [2024].

5 Conclusion

We recovered raw data time series of wave-in-ice motion from a buoy that got stranded on the northern Icelandic coast.
Statistically significant extreme residual acceleration events, i.e., spikes in the acceleration signal once the incoming
wave motion is subtracted, are detected with a statistical confidence of 99% in four of the raw data files. Of these four,
two are then found to have clear signs of collisions in the raw data. These manifest as extreme residual acceleration
events corresponding to spikes in the horizontal acceleration measured by the buoy. The direction of these spikes is
generally aligned with the dominating wave direction incoming from the open ocean that is predicted by ocean models,
and corresponds well to the local wave direction observed in the horizontal in-situ acceleration time series. Moreover,
the occurrence of the acceleration events is phase locked to the incoming wave signal.

Based on these evidence, we conclude that the data we recovered contain wave-induced floe-floe collisions between
the floe on which the buoy was sitting, and neighboring floes. This is the first time, to our knowledge, that such clear
floe-floe collision evidences are provided deep into the Marginal Ice Zone (MIZ). This proves that collisions between
adjacent ice floes can happen deep in the MIZ, and that confirms that floe-floe collisions are a relevant mechanism
that can contribute significantly to the wave energy dissipation and the associated increased water turbulence levels,
including in the deep MIZ.

Interestingly, the occurrence of collisions does not seem to be determined by the value of the significant wave height or
the peak period. Instead, the collision events that we discover happen at times when a sudden change in the wave in ice
conditions is measured by the instrument. However, we observe that signals that visually resemble collision-like events
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are present also in files where our statistics-based test does not detect extreme events with a 99% confidence. This
may correspond to weaker collisions, though more investigation would be needed to determine if this is truly the case.
More data will be necessary to establish statistically representative evidence of what large scale ice sheet properties and
weather conditions create favorable conditions for wave-driven floe-floe collisions.

The methodology we used to detect the extreme acceleration events can be simply applied on the raw time series of
the acceleration measurements, and its result can be summarized into a few key parameters. Therefore, we plan to
work in the future on implementing embedded routines that perform similar processing on our buoys, such as the
OpenMetBuoy, and we plan to transmit these metrics back over iridium together with the wave spectra. We hope that
this will allow, over time, to build a statistically representative dataset that will i) provide a better understanding of
collision occurrence in the MIZ, ii) make it possible to compare the occurrence of collisions to changes in the wave in
ice damping coefficient, iii) elucidate what conditions lead to the occurrence of floe-floe collisions.
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Appendix A: Data and code availability

All the raw data recovered on the stranded buoy are made available at https://github.com/larswd/MIZ_Floe_
collisions_archive [will be made available upon publication in the peer reviewed literature]. We also provide
the scripts used to analyze the data and generate the figures used in this paper at the following location: https:
//github.com/larswd/MIZ_Floe_collisions_archive [will be made available upon publication in the peer
reviewed literature].
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Yu Feng, Eric W. Moore, Jake VanderPlas, Denis Laxalde, Josef Perktold, Robert Cimrman, Ian Henriksen, E. A.
Quintero, Charles R. Harris, Anne M. Archibald, Antônio H. Ribeiro, Fabian Pedregosa, Paul van Mulbregt, and
SciPy 1.0 Contributors. SciPy 1.0: Fundamental Algorithms for Scientific Computing in Python. Nature Methods,
17:261–272, 2020. doi:10.1038/s41592-019-0686-2.

Jay L Devore, Kenneth N Berk, Matthew A Carlton, et al. Modern mathematical statistics with applications. Springer,
third edition edition, 2021.

Trevor Hastie, Robert Tibshirani, Jerome H Friedman, and Jerome H Friedman. The elements of statistical learning:
data mining, inference, and prediction, volume 2. Springer, 2009.

The Wamdi Group. The wam model—a third generation ocean wave prediction model. Journal of Physical Oceanogra-
phy, 18(12):1775–1810, 1988.

Heinz Günther, Susanne Hasselmann, and P AEM Janssen. The wam model cycle 4. 1992.
Fabrice Ardhuin, Erick Rogers, Alexander V Babanin, Jean-François Filipot, Rudy Magne, Aaron Roland, Andre

Van Der Westhuysen, Pierre Queffeulou, Jean-Michel Lefevre, Lotfi Aouf, et al. Semiempirical dissipation source
functions for ocean waves. part i: Definition, calibration, and validation. Journal of Physical Oceanography, 40(9):
1917–1941, 2010.

Ø. Breivik, A. Carrasco, H. Haakenstad, O. J. Aarnes, A. Behrens, J.-R Bidlot, J.V. Björkqvist, P. Bohlinger, B.R.
Furevik, J. Staneva, and M. Reistad. The impact of a reduced high-wind charnock parameter on wave growth with
application to the north sea, the norwegian sea, and the arctic ocean. Journal of Geophysical Research: Oceans, 127
(3), 2022. doi:10.1029/2021JC018196. URL https://doi.org/10.1029/2021JC018196.

WP Budgell. Numerical simulation of ice-ocean variability in the barents sea region: towards dynamical downscaling.
Ocean Dynamics, 55(3-4):370–387, 2005.

Arnaud Chulliat, William Brown, Patrick Alken, Ciaran Beggan, Manoj Nair, Grace Cox, Adam Woods, Susan
Macmillan, Brian Meyer, and Michael Paniccia. The us/uk world magnetic model for 2020-2025. 2020.

Jean Rabault, Takehiko Nose, Gaute Hope, Malte Müller, Øyvind Breivik, Joey Voermans, Lars Robert Hole, Patrik
Bohlinger, Takuji Waseda, Tsubasa Kodaira, et al. Openmetbuoy-v2021: An easy-to-build, affordable, customiz-
able, open-source instrument for oceanographic measurements of drift and waves in sea ice and the open ocean.
Geosciences, 12(3):110, 2022.

Takenobu Toyota, Shinya Takatsuji, and Masashige Nakayama. Characteristics of sea ice floe size distribution in the
seasonal ice zone. Geophysical research letters, 33(2), 2006.

C Laderach and Vera Schlindwein. Seismic arrays on drifting ice floes: experiences from four deployments in the arctic
ocean. Seismological Research Letters, 82(4):494–503, 2011.

18

https://doi.org/10.1038/s41592-019-0686-2
https://doi.org/10.1029/2021JC018196
https://doi.org/10.1029/2021JC018196

	Introduction
	Data and Methodology
	Buoy deployment and raw data recovery
	Signal processing of recovered in-situ time series
	Detection of Collisions
	Ocean and sea ice model data

	Results
	Collisions detection: direction and phase locking with incoming waves
	Waves and sea ice conditions when collisions happen

	Discussion
	Conclusion

