
Journal of Glaciology

Article

Cite this article: Voermans JJ, Xu X, Babanin
AV (2022). Validity of the wave stationarity
assumption on estimates of wave attenuation
in sea ice: toward a method for wave–ice
attenuation observations at global scales.
Journal of Glaciology 1–8. https://doi.org/
10.1017/jog.2022.99

Received: 9 July 2022
Revised: 5 October 2022
Accepted: 7 October 2022

Keywords:
Atmosphere/ice/ocean interactions; sea ice;
sea-ice dynamics

Author for correspondence:
Joey J. Voermans,
E-mail: jvoermans@unimelb.edu.au

© The Author(s), 2022. Published by
Cambridge University Press on behalf of The
International Glaciological Society. This is an
Open Access article, distributed under the
terms of the Creative Commons Attribution
licence (http://creativecommons.org/licenses/
by/4.0/), which permits unrestricted re-use,
distribution and reproduction, provided the
original article is properly cited.

cambridge.org/jog

Validity of the wave stationarity assumption on
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toward a method for wave–ice attenuation
observations at global scales
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Abstract

In situ observations of wave attenuation by sea ice are required to develop and validate wave–ice
interaction parameterizations in coupled wave models. To estimate ice-induced wave attenuation
in the field, the wave field is typically assumed to be stationary. In this study we investigate the
validity of this assumption by creating a synthetic wave field in sea ice for different attenuation
rates. We observe that errors in estimates of the wave attenuation rates are largest when attenu-
ation rates are small or temporal averaging periods are short. Moreover, the adoption of the wave
stationarity assumption can lead to negative estimates of the instantaneous wave attenuation rate.
These apparent negative values should therefore not be attributed to wave growth or erroneous
measurements a priori. Surprisingly, we observe that the validity of the wave stationarity assump-
tion is irrelevant to the accuracy of estimates of wave attenuation rates as long as the temporal
averaging period is taken sufficiently long. This may provide opportunities in using satellite-
derived products to estimate wave attenuation rates in sea ice at global scales.

Introduction

Waves play a critical role in the coupled air-sea system and the mechanisms governing its
dynamics thus require accurate representation in forecasting models. One of these dynamical
impacts is the attenuation of wave energy by sea ice (Shen, 2019; Squire, 2020).

Many processes have been identified that contribute to the attenuation of wave energy in sea
ice and are typically categorized as either a conservative, such as wave scattering (Kohout and
Meylan, 2008; Montiel and others, 2016), or non-conservative process, such as the dissipation
of energy by ice-floe collisions (Herman and others, 2019; Rabault and others, 2019; Løken
and others, 2021), under-ice friction (Kohout and others, 2011; Voermans and others, 2019),
overwash (Nelli and others, 2020) and viscous properties of the sea ice (Weber, 1987; Wang
and Shen, 2010). Some of these processes and derived models have been developed, tested
and calibrated through carefully designed laboratory experiments (e.g. Toffoli and others,
2015; Sree and others, 2018; Sutherland and others, 2019), and since implemented in operational
wave forecasting models. However, a major concern is that most of these theories and models
struggle to replicate observed attenuation trends from the field (Rogers and others, 2021).
Thus, while there is theoretical and experimental support that each of these processes contribute
to the attenuation of wave energy in sea ice, consensus is yet to be reached on the practical sig-
nificance of each of these processes in the field and, importantly, under what environmental con-
ditions these processes play a relevant role.

The most likely source of the discrepancy between theory and field observations is that sea ice
is highly inhomogeneous (e.g. Shen, 2019), dynamic and changes rapidly in time due to, for
instance, sea-ice break-up (e.g. Voermans and others, 2020). These inhomogeneities are difficult
to capture consistently, both theoretically and numerically, and are near impossible to be mim-
icked and thus study at laboratory scales, leaving unanswered questions regarding the signifi-
cance of the theories and models in the framework of field conditions. However, a secondary
but often forgotten potential source of discrepancy between models and field observations are
the methodological uncertainties and biases that lead to (often unspecified) errors in the field
observations. An example of such a bias is the spurious rollover phenomenon identified by
Thomson and others (2021), who showed that instrument noise introduces a negative bias in
observations of wave attenuation at high frequencies. Other uncertainties may be introduced
through the adoption of assumptions in estimating wave attenuation in sea ice from field obser-
vations, including assumptions on the directional distribution of wave energy, wind-input and
wave field stationarity. Most of these assumptions remain unverified, simply because they are
difficult to verify. In this study, however, we will look at the influence of one of these assump-
tions on field observations of wave attenuation in sea ice: the wave stationarity assumption.

Wave stationarity assumption

It is common practice to approximate the decay of wave energy as an exponential function
with distance into the sea ice (e.g. Wadhams and others, 1988):
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E(f , x) = E(f , 0) exp (−ax) (1)

where E( f, x) is the spectral energy density, f is the wave fre-
quency and x is the distance from the ice edge. The wave attenu-
ation coefficient α is the traditional focus of wave–ice interaction
studies, and a variety of parameterizations have been proposed
(the reader is referred to Squire (2020) and Rogers and others
(2021) for an overview of the different parameterizations).

Following Eqn (1), estimating the wave attenuation rate in sea
ice is, in principle, straightforward and is typically done by
deploying two motion-sensing instruments (such as wave–ice
buoys, e.g. Rabault and others, 2022) a distance x apart on the
ice to measure E( f, 0) and E( f, x):

a = − ln E(f , x)/E(f , 0)
( )

x
(2)

Here, x may vary between tens of meters (such as for landfast ice,
e.g. Sutherland and Rabault, 2016) up to as much as a hundred
kilometers (Cheng and others, 2017).

As it takes time for wave energy to travel from the first to the
second instrument, the wave energy at E( f, x) needs to be mea-
sured, strictly speaking, somewhat later than at E( f, 0) to obtain
α. However, given the complexities of performing in situ experi-
ments on sea ice and the relatively short travel times to cover dis-
tance x (e.g. the energy of a 7 s period wave takes about half an
hour to travel a distance of 10 km), general practice is to measure
the surface elevation at both locations at the same time. That is,
we assume the incoming wave energy over this time period to
be approximately constant, i.e. stationary. By assuming wave
field stationarity, an error of ΔE is made in our measurements
of wave energy at x, specified by the time shift Δt = x/cg, where
cg is the wave group velocity.

To understand the significance of this error ΔE on observa-
tions of α, consider the case where the waves approaching the
sea ice are growing, such that the wave energy at the ice edge
momentarily increases in time. By measuring the wave energy
at x1 = 0 and x2 = x at the same time, where x > 0 is an arbitrary
point, the wave energy E( f, x) will be underestimated by:

DE ≈ − dE(f )
dt

Dt = − dE(f )
dt

x
cg

(3)

This then makes it appear as if more wave energy was attenuated
by the ice over distance x, leading to an overestimation of α by:

Da = − ln (E/E0)
x

+ ln ((E + DE)/E0)
x

(4)

While ΔE increases linearly with x (Eqn (3)), we note that, some-
what surprisingly, the error Δα is independent of x. This can be
shown by taking the linear approximation of Δα(Δt) around Δt
= 0, giving:

Da = − dE/dt
Ecg

(5)

While independent of x, it also suggests that the error Δα is fre-
quency dependent and varies with the properties of the wave
field (or wave climate).

In this study, we will investigate the impact of the wave field
stationarity assumption on estimates of wave attenuation in sea
ice. The aim is to inform on the errors and uncertainties asso-
ciated with the stationarity assumption to improve the analysis
of wave attenuation data in future measurement campaigns. To

do so, we will rely largely on the validity of Eqn (1), which
remains a topic of discussion to date (e.g. Squire, 2018;
Herman, 2021). However, such a discussion is outside the scope
of this study. In the process of evaluating the impact of the
wave field stationarity assumption with very large Δt, we noticed
a surprising result that may provide significant opportunities to
derive estimates of wave attenuation by sea ice at large spatial
scales using satellite-derived wave products.

Methods

Continuous observations of the wave field along a vast distance in
the MIZ are required to asses the impact of the wave field statio-
narity assumption on estimates of wave attenuation. Because such
an experimental field dataset is not available, we will generate a
synthetic wave record instead. In doing so, we have to rely on
the critical assumption that wave energy decays exponentially
into the ice cover, i.e. Eqn (1) is deemed valid.

To characterize the incoming wave field E( f, 0) we used wave
hindcast data from ERA5 reanalysis. An energetic site in the
Southern Ocean was chosen (51◦ S latitude and 127◦ E longitude)
for the duration of 1 year (January–December 2020) with a data
time interval of 1 h. The significant wave height Hs during this
period varied between 2 and 10 m, with a median ∼4 m. As the
error Δα is independent of x (Eqn (5)), the results presented in
this study do not rely on the severity of the incoming wave field
E( f, 0) and any other site could have been chosen. We verified
this through comparison with data covering a milder sea state
with a median Hs of 2.4 m (not shown here). We note that by con-
sidering a 1-D wave spectrum only, we are implicitly assuming
that the wave field is unidirectional. Lastly, for the wave attenu-
ation rate, we impose a wide range of α∈ [10−7, 10−2], and do
so for each wave frequency. We note that such values may be
much larger or smaller than one may encounter for a given
wave period in the field. As we predefine the values of α here,
we refer to these as the ‘theoretical’ values with symbol αth.

With definitions for αth and the input wave energy E( f, 0), the
wave field E( f, x) can be determined using Eqn (2) by consider-
ing the duration of wave energy propagation over the distance x,
i.e. the time series at x will appear shifted in time. For cg we use
the open water dispersion relationship, which serves as a reason-
able approximation of cg in most ice conditions (we briefly come
back to this assumption later on). Then, a time series of α( f ) can
be determined from E( f, x), and an estimate of α can be derived
by taking the time averaged value a over an averaging period τ.
Initially, we keep Δt = x/cg as is common for field experiments.
Then, we will examine the impact of Δt≫ x/cg on estimates of α.

In addition to using ERA5 reanalysis data for the wave energy
input, we have also examined in situ wave data from a wave buoy
that was drifting in the Southern Ocean (Spotter, Sofar Ocean
Technologies). The buoy drifted between 47◦ S and 49◦ S latitude
and from 142◦ E to 159◦ E longitude over a period of ∼2 months
(28 April 2021–22 June 2021). The buoy measured a Hs between 2
and 9m, with a median of 4 m, and spectral information was
transmitted every hour (comparable wave field statistics as the
ERA5 dataset used here). As the outcomes of our study are
broadly comparable for the ERA5 and wave buoy datasets, we
will only show the results of the ERA5 reanalysis dataset here.
Nevertheless, there are some differences due to the ERA5 reanaly-
sis data being smoother at timescales of the order of hours com-
pared to the wave buoy data. Such differences are expected to be a
combination of noise in the wave buoy data and the inability of
numerical models to solve for such short timescale variability.
Specifically, the wave field may not be perfectly stationary over
the 0.5–1 h period from which the spectral data are derived, a
variability that may be measured by the wave buoys, but will
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not be simulated by the numerical models. It is this variability
that causes Δα to be weakly dependent with x for the wave
buoy observations. Readers interested in the impact of the wave
stationarity assumption for the wave buoy data are referred to
Figure S1, which compares the error in α for both datasets.

Results and discussion

An example time series of α is shown in Fig. 1 for a 7 s period
wave with αth = 1 × 10−6 and αth = 1 × 10−4 with a measurement
separation distance of x = 10 km. The estimated instantaneous
attenuation rate α fluctuates around the theoretical value αth
when the duration of wave propagation over distance x is not
taken into consideration (i.e. Δt = x/cg). While the magnitude of
the fluctuations for this wave condition are modest for the high
α-case, they appear to be significant for the low α-case.
Moreover, episodes of apparent negative attenuation rates can
be retrieved when disregarding the lag in wave arrival time at
the second measurement point (e.g. Fig. 1a). This may also, in
part, explain the negative attenuation rates observed by Kodaira
and others (2021) in grease ice who found large scatter of α ran-
ging from positive to negative values for T * 5 s. As the mean of
the 2 week time series shown in Fig. 1 are close to the theoretical
values (i.e. 2% for the example in Fig. 1a and <0.1% for the
example in Fig. 1b), the removal of apparent negative values of
the estimated attenuation rates may not be disregarded a priori
and should be carefully considered when evaluating estimates of
α. For example, if negative values of α in Fig. 1a would be consid-
ered erroneous and were to be removed, a would be significantly
overestimated by a/ath ≈ 3.1. We note, however, that the impact
of apparent negative observations of α tends to be restricted to αth
< 10−5 (see Fig. S2).

In Fig. 2 the 95% confidence interval of the normalized error
(a− ath)/ath is shown for a wide range of αth, wave periods T,
and for four different averaging periods τ. In color, several trends
of α(T ) are shown as derived from field observations by Hošeková

and others (2020), Kodaira and others (2021), Li and others
(2017), Meylan and others (2014), Rogers and others (2021),
Thomson and others (2018) and Voermans and others (2021).
We note that this is just a selection of in situ wave attenuation
observations available, and are used to put the results into per-
spective of field observations of α. We also note that Rogers
and others (2021) produced two primary observational trends
from their dataset (see their Fig. 8), both of which are shown
here. Figure 2a shows the error for instantaneous observations
of α with Δt = x/cg. Errors are largest for small αth, typically
observed for longer waves and/or waves in unconsolidated sea
ice. Instantaneous errors can be as large as a factor of 10 of
their true value. Errors reduce significantly when the observations
of α are averaged over longer periods of time. For example, for
T = 10 s and αth = 1 × 10−5 the error reduces from 46, 21, 4 to
1%, for τ = 1 h, 1 d, 7 d to 28 d, respectively. However, although
an increase in τ can greatly reduce uncertainties in a, this does
require the ice conditions to remain constant over this measure-
ment period. While the anticipated errors may be of significance
for the low-frequency range in the observed trends of Rogers and
others (2021), it is noteworthy that the derivation of α by Rogers
and others (2021) is based on model-data inversion, and thus
does not rely on the wave stationarity assumption.

As the open water dispersion relation may not be valid for very
short waves and under certain ice conditions, such as consolidated
sea ice, Figs 2a, b are replicated by using the dispersion relation in
sea ice as derived by Squire and Allan (1980) (see Fig. S3). For this,
a Young’s modulus of 3 GPa and ice thickness of 0.5 m are taken as
an example. The impact is largely constraint to the small wave per-
iods which propagate faster in sea ice compared to open water,
leading to a decrease in the observed error (e.g. Eqn (5)).

In Fig. 3a the distribution of the error (α− αth)/αth is shown.
From this we can see indeed that the error will approach 0
when the averaging period increases as the mean of the distribu-
tions are 0. This also puts forward two competing actors on the
magnitude of the error in α: increases in Δt increases the error,
whereas increases in τ reduces it. We now consider the case
where two instruments deployed on the ice do not measure at
the same time but with a time offset t0, i.e. Δt = x/cg + t0. As
the autocorrelation timescale of the wave energy reaches 0 at
∼5–7 d for the dataset used here (not shown), the observed
error increases with an increase of t0 up to t0≈5–7 d after
which the error remains approximately constant. At this time off-
set, the distribution of the error seems to have approached a nor-
mal distribution with its mean at 0 (Fig. 3b). This would imply
that the accuracy of α for very large Δt≈ t0≫ 0 is then simply
determined by the duration of τ (or the number of random sam-
ples) necessary to achieve the required accuracy.

In Fig. 4 the 95% confidence interval of the error (a− ath)/ath

is shown for various time offsets t0 and averaging periods τ. As the
autocorrelation timescale is ∼7 d, increasing t0 further does not
considerably change the error. We note that introducing the time
offset t0 means that the error Δα is now dependent on x.
Comparing Figs 2 and 4, the error made for instantaneous esti-
mates of α when t0 = 0 (Fig. 2a) is similar in magnitude as measur-
ing α over a period of 1 d with an offset of t0 = 1 h (Fig. 4a), or an
averaging period of τ = 4 weeks with a time offset of t0 = 1 d
(Fig. 4e). While it may seem unusual from a design perspective
of in situ experiments to introduce a time offset in estimating α,
it may, however, provide major opportunities in deriving observa-
tions of wave attenuation rates in sea ice using satellite observations
(Stopa and others, 2016; Horvat and others, 2020; Brouwer and
others, 2022) as satellite observations have a high spatial resolution
but often a poor temporal resolution. If possible, this may then pro-
vide access to wave attenuation observations at a global reach,
rather than local as with in situ experiments.

a

b

Fig. 1. Comparison of the estimated attenuation rate α when adopting the stationar-
ity assumption (i.e. Δt = x/cg, solid line) against the theoretical attenuation rate αth
(dashed line) for (a) αth = 1 × 10

−6 and (b) αth = 1 × 10
−4. For both cases, the wave per-

iod is T = 7 s and the measurement separation distance is 10 km.
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The underlying problem of estimating α based on large t0 is
that it requires ice conditions to be similar in both temporal
and spatial domains at the instants at which the observations

are obtained, which may significantly hinder the feasibility of
such an approach. Nevertheless, to provide further insight into
how the ice conditions may be treated numerically in the spatial

a b

c d

Fig. 2. The 95% confidence interval of the error (a− ath)/ath (contours) for averaging periods τ of (a) 1 h, (b) 1 d, (c) 7 d and (d) 28 d. Various field observations of α
as a function of wave period T are shown in color.

a b

Fig. 3. Normalized probability density function of the error α, normalized by its standard deviation σ, for T = 7.0 s (circles), 8.4 s (triangles), 10.2 s (squares), 12.3 s
(crosses) and 14.9 s (diamonds). Blue line is the best fit normal distribution, dash lines correspond to the mean of the data distributions.
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domain in such a scenario, we look at an idealized case where
sea-ice conditions are spatially inhomogeneous. For this we con-
sider the case where αth increases/decreases exponentially with
distance x. By taking the simple case where Δt = 0, we infer that
a simple spatial average of α between x = 0 and x = x is a good
approximation of the effective wave attenuation coefficient at x,
with an error of <5% (we will refer to this spatial average value
of α as 〈α〉). The impact of the spatial heterogeneity of sea ice
on the error of 〈α〉 due to the assumption of wave stationarity
is shown in Fig. 5, with the attenuation rate profiles shown in
Figs 5a, d. We note that in our calculations x is now variable
such that, in the example of x = 100 km and the attenuation
profile given by Fig. 5a, αth is 1 × 10−6 at x = 0 and 3.2 × 10−5 at
x = 100 km, which leads to a spatially averaged attenuation rate
of 〈α〉 = 9 × 10−6. In line with earlier observations that the error
is largest in cases of low αth (e.g. see Fig. 2), we observe here
that the errors are initially large for an exponentially increasing

attenuation rate profile (Fig. 5b). However, such errors rapidly
decrease when larger averaging periods are taken (see Fig. 5c
where τ = 7 d). Reversal of the attenuation rate profile leads to
considerably larger values of 〈α〉 and, consequently, shows that
errors due to the adoption of the wave stationarity assumption
are relatively small even for averaging periods of just 1
d (Fig. 5e). In Fig. 6 the same cases are considered, but now
with a time offset of t0 = 7 d. While the errors increase as one
may expect, reasonable estimates of 〈α〉 can still be obtained as
long as 〈α〉 is sufficiently large. This has useful implications for
our modeling methods of waves in sea ice as the effective attenu-
ation rate across an inhomogeneous ice cover can be approxi-
mated as spatial average of the local attenuation rate profile
(and thus perhaps as the spatially weighted average of the ice
types and ice features within such a domain), and the zero time
offset t0 = 0 is not necessarily a constraint to obtain reasonable
estimates of 〈α〉. Care should nevertheless be taken in applying

a b c

d e f

g h i

Fig. 4. The 95% confidence interval of the error (a− ath)/ath (contours) for various averaging periods τ and time offset between instrument measurements t0.
Contour colors refer to the instrument separation distance x of 5, 10 and 30 km (black to light gray, respectively), with x = 5 km always being the largest error.
Various field observations of α as a function of wave period T are shown in color, see Fig. 2 for legend.
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such a simplified approach, as our understanding of wave attenu-
ation and its relation to ice conditions remains very limited.

While this study can be used to inform past and future meas-
urement campaigns on the errors and uncertainties in α asso-
ciated with the stationarity assumption, we note that further
research is required on the limitations of our analysis, and other
potential methodological biases in estimating α from field obser-
vations. In particular, further study is required on the validity of
Eqn (1) (e.g. Squire, 2018), as there is growing support α has a
dependency on the local wave energy (Toffoli and others, 2015;
Herman, 2021; Voermans and others, 2021). Other assumptions
typically adopted in the estimation of α are related to the

directionality of the wave energy (e.g. Montiel and others,
2022), importance of wind-input, and non-linear wave–wave
interactions. Lastly, we would like to point out that there are
ways to avoid the adoption of the wave stationarity assumption
altogether, such as by using model-data inversion (Rogers and
others, 2021). Additionally, carefully designed field experiments
could, in principle, take into consideration the propagation time
of wave energy when estimating α. This can be the case when con-
tinuous time series of surface elevation are obtained (e.g.
Sutherland and Rabault, 2016). However, this is, of course, far
from straightforward task in the harsh and remote environments
of the polar regions.

a b c

d e f

Fig. 5. The 95% confidence interval of the error (a− a〈 〉)/ a〈 〉 for two spatially heterogeneous ice covers and t0 = 0. The imposed spatial attenuation profiles are
shown in (a) and (d), solid line, leading to errors in α as shown in (b, c) and (e, f) respectively, for different values of τ. The spatially averaged attenuation profile 〈α〉,
which is the cumulative effect of the local profile of αth, is given in (a) and (d) by the dashed line.

a b c

d e f

Fig. 6. Same as Fig. 5, but with t0 = 7 d.
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Concluding remarks

In this study the impact of the wave stationarity assumption on esti-
mates of ice-induced wave energy attenuation is quantified. When
wave attenuation rates are low, the apparent wave attenuation may
become negative when the travel time of wave energy is not consid-
ered, and should thus not be interpreted a priori as erroneous data
or wave growth. We observe that the wave stationarity assumption
holds as long as the temporal averaging period is sufficiently long.
The averaging period required to obtain accurate estimates of
wave attenuation in the field increases with a decrease in the wave
attenuation rate. Thus, for waves in unconsolidated sea ice, longer
averaging periods are required in comparison with waves in conso-
lidated or landfast ice. Surprisingly, even when wave conditions
between two measurement points are measured as much as weeks
apart, and thus the measured wave energy between the measure-
ment points have become uncorrelated, good estimates of the
wave attenuation coefficient can still be obtained provided that the
averaging period of the measurements is sufficiently long. This pro-
vides significant opportunities in using satellite products with lim-
ited temporal resolution to estimate the wave attenuation rate at
global scales. This thus may solve for one of the current problems
in the field, namely, that observations of wave attenuation in sea
ice are very limited and geographically sparse. Care should, however,
be given in the way samples are averaged using this approach, as the
overall ice conditions are required to remain constant across such
measurement events. Such an approach may, however, still be feas-
ible due to the vast amount of satellite observations currently avail-
able. Lastly, we observe that the spatial average of the attenuation
rate of an inhomogeneous ice cover represents a good approxima-
tion of the effective wave attenuation rate, which may provide direc-
tions for the treatment of large scale sea-ice inhomogeneities in
wave forecasting models and derivation of empirical ice classifica-
tions from satellite-derived sea-ice products.

Supplementary material. The supplementary material for this article can
be found at https://doi.org/10.1017/jog.2022.99.
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