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The thinning and retreat of Arctic sea ice is one of the most dramatic manifestations of recent climate
warming. Though ice extent can be routinely monitored by satellite, ice thickness is far more difficult to
measure operationally. We show that small amplitude, long period waves — termed infragravity waves — can
be used to measure ice thickness at basin scales by determining their travel time between measurement
sites. The waves travel at a different speed in ice than in open water, the difference being a sensitive function
of ice thickness. We present measurements from near the North Pole where the travel time of 15 s waves is
reduced by around 7 h for a typical 2 m ice thickness. Our results demonstrate that a basin-scale observation

network which can track the effect of global change on Arctic sea ice thickness is practical and feasible using

current technology.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Ocean surface waves which approach the Arctic pack ice first en-
counter the marginal ice zone (MIZ) of broken floes, where higher
frequency components (less than 15 s period) are attenuated by scat-
tering within a few tens of km (Wadhams et al., 1988). Longer period
waves survive to reach the more continuous interior ice, where they
continue to propagate as low-amplitude (of order mm) flexural-gravity
waves with a slightly different dispersion relation from open-ocean
waves. Measurement of these waves is relatively straightforward, using
accelerometers or gravimeters to sense the heave of the ice, or tiltmeters
or strainmeters to determine the flexing of the ice membrane, and the
resulting spectra show typical peak periods of 15-30 s.

Ocean waves of such long periods are termed infragravity waves,
and are believed to be generated in shallow water by non-linear
interactions between storm-generated swell waves of approximately
15 s period (Herbers et al., 1995; Longuet-Higgins and Stewart, 1962).
These long waves have been seen in records from ocean bottom
seismometers (OBSs) and have been identified as responsible for the
Earth's background seismic “hum” (Webb, 2007). They propagate in
the deep ocean without significant further attenuation (Lighthill,
1978). Observations from OBSs do not represent the full spectrum of
infragravity waves, since the pressure signal at the seafloor decays
exponentially with the product of wave number and water depth
(Webb et al., 1991). Spectra from OBSs typically exhibit a “noise notch”
between 0.03 Hz and 0.1 Hz, due to this process — often termed
“hydrodynamic filtering”. Measurements on sea ice may therefore
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represent the most accurate and practical means of detecting and
describing the infragravity wave spectrum.

Wave measurement in the interior of the Arctic Ocean began in the
1950s (Crary et al., 1952; LeShack and Haubrich, 1964) and continued
during ice physics campaigns such as FRAM-II and -III, CEAREX,
AIWEX and SIMI. The dispersive properties of a wave which prop-
agates partly in the water column and partly by causing the ice sheet
to flex elastically were first derived by Greenhill (1887) and exper-
imentally confirmed by Ewing and Crary (1934). The slow decay of
such waves in ice was ascribed to creep losses incurred in ice flexure, a
thickness-dependent process which offers a method of deriving mean
ice thickness by measuring attenuation along the wave propagation
path (Menemenlis et al., 1995; Wadhams, 1973; Wadhams, 1986). It
was later suggested that the ice cover ‘selects’ a preferred “resonant”
frequency, at which a wave travels at the same speed in the ice as in
the water, and that observations of this resonant wave might be used
to infer path-integrated ice thickness without reference to mechanical
parameters (Johannessen et al., 2004; Nagurny et al., 1999; Nagurny
et al.,, 1994), although no mechanism for such a selection process was
proposed.

We have developed and deployed a series of autonomous wave
measuring buoys at locations across the Arctic, as part of the European
Union GreenlCE (Greenland Arctic Shelf Ice and Climate Experiment)
project to investigate in detail the nature of long wave propagation
and decay in the ice. The system was described in Doble et al. (2006),
and essentially consists of two orthogonal tilt sensors which record
time series of ice tilt and report over the Iridium satellite system.
Results from the GreenICE deployments — in the Lincoln Sea north
of Greenland and Canada's Ellesmere Island (Haas et al.,, 2006) —
proved difficult to interpret, since the surrounding shallow bathy-
metry (Morris Jesup Rise, Lomonosov Ridge, Greenland continental
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Fig. 1. The tiltmeter record for the first 100 days of 2007, with invalid records (contaminated with floe collisions etc) removed. The graph shows a contour plot of the spectral power in
one tiltmeter channel, with the colour scale showing logo(rads?s). Three events stand out with significantly higher power and these correspond to clear swell peaks in the spectra.
Event numbers are labelled on the graph and referred to in the text. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)

shelf) refract and reflect the long-period (hence long wavelength)
waves of interest. Evidence from these deployments strongly sug-
gested that the waves were arriving from lower-latitude oceans,
however, and an uninterrupted deep-water ray path to the measure-
ment site was sought for further deployments.

The European Union DAMOCLES project provided such an oppor-
tunity and Doble deployed a tiltmeter alongside the schooner Tara at
the beginning of its two year drift across the Arctic (Gascard et al.,
2008), in September 2006, at 79°51’N 143°32’E. The manned Tara
station allowed the unit to be configured to record continuously,
writing three-hour time series files to CompactFlash card. We present
data spanning the first 100 days of 2007, during which time the drifting
station was between 85°N and 87°N, heading slowly towards the North
Pole along longitude 130°E, just to the west of the Lomonosov Ridge.
The location offered an essentially clear deep-water path to waves
arriving from lower-latitude seas, through the narrow deep-water
aperture of Fram Strait, between Greenland and Svalbard.

2. Results
2.1. Dispersive arrivals

Each three-hour tilt time series was first bandpass filtered (10 to
60 s period) to remove secular drift, DC components and higher
frequency noise. Spectra were calculated using the Welch method of
overlapping segments to give the lowest variance per data point
(Emery and Thomson, 1998), then examined individually to eliminate
records contaminated by excessive floe-floe collisions, characterised
by impulsive, high-amplitude events which tended to mask the wave
signal. Remaining values (197 cases) are displayed in Fig. 1. Sharply
peaked spectra are associated with high spectral power, more than
two orders of magnitude above the background level.

Three events, separated by around two weeks, are particularly
prominent. The first and last events display two closely separated
arrivals, marked as Events 1.1, 1.2 and 3.1, 3.2 in Fig. 1. The events have
an increasing peak frequency with time. First arrivals have a frequency
around 0.03 Hz, increasing to around 0.07 Hz before the spectral
power drops to near background level. The plot recalls the dispersive
character of waves arriving from distant storm events, examined
in the “waves across the Pacific” series of experiments (Munk and

Snodgrass, 1957) and we use the relation given in those works
to calculate the distance implied by the observed frequency-time
relation here:

_ & _
X—W(t to) (1)

where x is the distance to the source, g is the acceleration due to
gravity, fis the observed peak frequency, ¢t the time of the observation
and ty the time of emission of the waves (calculated as the time that
the fitted line crosses the zero-frequency axis). We assume deep water
(kH>>1), a stationary source region and that waves of all frequencies
are generated simultaneously in a given storm event.

The group velocity of waves travelling in ice depends on both the
frequency and the ice thickness, but for realistic thicknesses (e.g. 2 m)
the speeds are only significantly different from those in open water at
periods less than around 20 s. Fig. 2 compares the group velocity of
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Fig. 2. Group velocity versus period for open water (heavy line) and ice thicknesses from
2-5 m, showing the increased velocity in ice with shorter period.
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Fig. 3. Maximum significant waveheight observed by the JASON satellite altimeter in the
North Atlantic (20S-85N, 100W-60E). The duration of the peak events measured by the
tiltmeter are indicated as shaded regions, following each maximum SWH.

waves in open water to that in ice of various thicknesses, using the
dispersion relation (Eq. 14.13 of Wadhams, 1986), solved numerically:

Dkg + <ng - Pihwz)ko — P’ =0 (2)
D:Eh3/12(1—v2) 3)

Where ko is wavenumber, p,, and p; the densities of water and ice,
respectively, h the ice thickness and o the wave angular frequency.
D is termed the flexural rigidity and depends on the Young's modulus
(E) and Poisson's ratio, v. Here we have taken p,, = 1025 kg m™?3,
P1=900 kg m~3 E=6x10° Pa, v=0.3.

At the longest periods observed, the group velocity in ice is slightly
less than in open water. As the period drops, group velocity in ice
becomes significantly greater than in open water, the effect increasing
with ice thickness and being due to the influence of the flexure on the
overall propagation. Waves in the 20-30 s period range can be validly
assumed to lie close to the open water relation and these were used to
establish the source distance, while the shorter waves are used for the
thickness derivation.

2.2. Source location

The frequency-time relations gave source locations between 6300
and 9700 km from the measurement site. These are large distances,
equivalent to between 60° and 90° of latitude, precluding generation
within the Arctic Basin itself and implying a source within the North
Atlantic. We expect the wave sources to be of northern hemisphere
origin, since the long period waves are most prominent in the
northern hemisphere winter (Doble et al., 2006).

We identified the source events by examining global daily sig-
nificant wave height (SWH) data from the JASON satellite altimeter
(http://www.aviso.oceanobs.com). Global maps clearly indicated
the North Atlantic as the likely source region, with very few high-
amplitude events occurring during these periods in the rest of the
world ocean. SWH observed in this Atlantic sector (20°S to 85°N and
100°W to 60°E) during the period of interest (Fig. 3) showed three
clear maxima, each preceding the observed dispersive arrival events
by two or three days, though ranges to these storm centres were 20-
50% lower than those calculated from Eq. (1).

The bathymetry between the measurement site and the mid-
latitude North Atlantic is rather complex, with Fram Strait, Denmark
Strait and the Faeroes-Shetland Channel offering the only deep-water

paths (>500 m) for the passage of the long waves in question. Also,
infragravity waves are not generated directly at the storm site: recent
observations have shown that storm waves must first to travel to a
sloping sandy coastline for the non-linear interaction to occur (Dolenc
et al., 2008) and previous studies of infragravity waves selected such
sloping beaches as study sites (Elgar et al., 1992; Henderson et al.,
2006). The location of interest is therefore that of the infragravity
wave generation site, not the storm itself. A Great Circle path from
Tara through Fram Strait intersects the northwest African coast at
the approximately the ranges calculated from the f(t) relation. This
location is therefore tentatively suggested as the source, though in-
teraction with bathymetry (refraction) may deviate waves arriving
from other sources onto the required track, for instance during pas-
sage through the Faeroes-Shetland Channel, northwest of the United
Kingdom. The closely separated arrivals measured for events 1 and 3
suggest two slightly differing paths to Tara.

2.3. The effect of the ice cover

Wherever the infragravity waves are generated, they must pass
through the deep channel of Fram Strait and then travel a significant
distance though the pack ice to reach the measurement site. Such an
extended path in ice suggests that even small changes in group
velocity should result in measurable perturbations to the waves' travel
time. The path length in ice for the current example varies between
1514 and 1630 km, measured from passive microwave satellite im-
agery supplied by the Danish Meteorological Institute.

Fig. 4 plots the expected reduction in travel time due to this ice, for
the frequency range of the observed dispersive events and various ice
thicknesses. Data collected by upward-looking sonar from the sub-
marine HMS Tireless during the period of these observations (March
2007) cover about 40% of the wave path, and give a path-averaged modal
ice thickness of about 2.1 m (Wadhams, unpublished data) which is
marked on the plot. For a uniform ice cover of this thickness, the lowest
frequencies (0.035 Hz) arrive around 20 min after their open water
equivalents, while the highest frequencies (0.07 Hz) arrive around seven
hours before. Travel time is thus modified by a significant amount, easily
measurable with current technology, and is a sensitive function of both
ice thickness and frequency. The technique thus allows ice thickness
along the wave path to be remotely sensed.
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Fig. 4. Travel time reduction, compared to open water propagation, at the measurement
site, plotted as a function of ice thickness, for several frequencies within the observed
range. Path length in ice is set to 1500 km. The modal ice thickness value obtained from
concurrent submarine upward-looking sonar measurements is marked.
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3. Discussion

We have seen that the nature of infragravity wave generation makes
it difficult to determine where or when the waves originated, even if the
location and timing of the storm which generated the shorter waves are
known. This does not prevent application of our method to ice thickness
measurement, since only the perturbation due to the waves' passage
through the ice is relevant. Two tiltmeters, widely separated along the
wave path, will allow measurement of the modal ice thickness between
instruments: once a dispersive wave train has been identified, we simply
measure the time that any convenient frequency takes to travel between
instruments and compare this with the open water travel time at the
same frequency. The exact arrival time of a given frequency within a
three-hour time series is derived from wavelet analysis. It is not nec-
essary to determine when the amplitude of the waves first begins to
increase above background levels.

The high energy levels of shorter waves close to the ice edge may
obscure the much lower amplitude infragravity waves there, but mul-
tiple tiltmeter instruments, located at increasing penetrations into the
ice cover, should resolve arrivals from distant storms with sufficient
accuracy to allow a reasonable estimation of the ice thickness. Results
presented here have shown that measurement is feasible for the region
between Fram Strait and the central Arctic, where a relatively direct
deep-water path exists. A basin-scale ice thickness measuring array is
therefore proposed. Instruments will need to record continuously and —
to limit satellite transmission costs — be able to identify a train of
dispersive arrivals. Once flagged as “interesting” by onboard signal
processing, stored time series would then be transmitted for more
detailed analysis at the laboratory. Such refinements represent only
minor changes to the existing hardware and software.

We expect the technique to measure the path-integrated modal ice
thickness, since ice thickness will affect the travel time as a linear
relation to its fraction in the probability density function of thickness.
The mode is typically the thickness of the most common type of
undeformed ice present, which in the central Basin is more often first-
year than multi-year ice. For validation purposes, initial measure-
ments should ideally be taken concurrently with submarine ice draft
profiles along the same path. Such measurements will also allow a
representative value of Young's modulus to be obtained, which is a
free parameter in the dispersion relation. A value of 6x10° Pa has
been used here, following Wadhams (1986), but, but its applicability
to large-scale sea ice bending applications is largely unknown, whilst
higher values of 7-9.5 Pa have been quoted for small-scale deforma-
tion (Sanderson, 1988).

The results presented here have demonstrated that more than
1000 km of sea ice cover does not significantly attenuate such long
period waves: frequencies from 0.03 Hz to 0.07 Hz were clearly
measured at the Tara site with significant amplitudes. No evidence of a
“resonant” wave was found; all long periods appear to be present and
the peak frequency is determined by travel time from the distant
storm. Thus the Arctic Ocean offers a natural laboratory for isolating
and studying infragravity waves, while the dispersive properties of the
waves in ice offer a means of monitoring modal ice thickness over
much of the Arctic, of great importance at a time when the ice is
thinning and retreating so rapidly, since it is the preferred thickness of
undeformed ice (mode) which determines whether the ice cover will
melt during the enhanced summer warming now being experienced.
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