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Abstract Flexure and extension of ice shelves in response to incident ocean surface gravity waves have
been linked to iceberg calving, rift growth, and even disintegration of ice shelves. Most modeling studies uti-
lize a plate bending model for the ice, focusing exclusively on flexural gravity waves. Ross Ice Shelf seismic
data show not only flexural gravity waves, with dominantly vertical displacements, but also extensional Lamb
waves, which propagate much faster with dominantly horizontal displacements. Our objective is to model the
full-wave response of ice shelves, including ocean compressibility, ice elasticity, and gravity. Our modelisa 2D
vertical cross-section of the ice shelf and sub-shelf ocean cavity. We quantify the frequency-dependent exci-
tation of flexural gravity and extensional Lamb waves and provide a quantitative theory for extensional Lamb
wave generation by the horizontal force imparted by pressure changes on the verticalice shelf edge exerted by
gravity waves. Our model predicts a horizontal to vertical displacement ratio that increases with decreasing
frequency, with ratio equal to unity at ~0.001 Hz. Furthermore, in the very long period band (< 0.003 Hz),
tilt from flexural gravity waves provides an order of magnitude larger contribution to seismometer horizontal
components than horizontal displacements from extensional Lamb waves.

Non-technical summary |In the past three decades, we have seen ice shelves catastrophically
weaken and break apart. In some cases, large calving events or ice shelf disintegration is correlated with the
arrival of ocean waves and tsunamis. This has prompted the deployment of seismometers on ice shelves to
study the ice shelf response to ocean wave impacts. Ocean waves convert to several other wave modes in the
ice shelf and ocean layer beneath the ice shelf. In our study, we present computer simulations of the ocean
and ice shelf system to quantify the wave motions within and on the surface of the ice shelf, thereby permitting
comparison to seismic data. Our results help guide interpretation of seismic data and in understanding which
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wave modes are most likely to contribute to calving and fracture of ice shelves.

1 Introduction

Ice shelf stability and strength play an important role in
understanding and predicting sea level rise (Bromwich
and Nicolas, 2010). Ice shelves buttress ice sheets and
following ice shelf collapse, ice streams have been ob-
served to accelerate (Dupont and Alley, 2005; Pritchard
etal., 2012). In the past three decades, we have seen ice
shelves catastrophically weaken and break apart (Rott
et al., 1996; De Angelis and Skvarca, 2003; Scambos
et al., 2004; Brunt et al., 2011; Banwell et al., 2017; Mas-
som et al., 2018). As the climate continues to warm,
thinning and collapse of ice shelves is likely to occur at
a more rapid rate.

Weakening of ice shelves has been associated with
wave-induced flexure (Holdsworth and Glynn, 1978) as
well as basal and surface melting (Paolo et al., 2015).

*Corresponding author: labrahams813@gmail.com

Basal melting is facilitated through influx (into the sub-
ice shelf cavity) of warm seasonal sea water and circum-
polar deep water (Walker etal., 2008; Rignot et al., 2013).
During the summer months, surface melting increases,
creating supraglacial lakes, further thinning the ice
shelves and possibly contributing to hydro-fracturing
into the ice shelf (Banwell et al., 2013).

Melting and thinning weaken ice shelves, but what
creates fractures and finally triggers the collapse of ice
shelves is poorly determined. Possible processes in-
clude ocean surface gravity wave forcing (Holdsworth
and Glynn, 1978; Bromirski et al., 2010; Brunt et al.,
2011; Banwell et al., 2017; Massom et al., 2018). In-
cident ocean waves are partially transmitted into the
ice shelf as flexural gravity waves (similar to ocean sur-
face gravity waves but with additional inertia and elas-
tic resistance to bending from the ice) and other elas-
tic waves bearing more similarity to traditional seismic
waves. The ability of waves to transmit through the ice
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