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Key Points


Coastal cliff ground motions are observed under extreme storm wave conditions (Hs=
6 – 8 m)



Under extreme wave conditions, vertical ground displacements can be in excess of 50
– 100 μm



Erosion under extreme wave conditions is 2 orders of magnitude larger than the longterm erosion rate
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Abstract
Coastal cliff erosion from storm waves is observed worldwide but the processes are
notoriously difficult to measure during extreme storm wave conditions when most erosion
normally occurs, limiting our understanding of cliff processes. Over January-February 2014,
during the largest Atlantic storms in at least 60 years with deep water significant wave
heights of 6 – 8 m, cliff-top ground motions showed vertical ground displacements in excess
of 50 – 100 μm; an order of magnitude larger than observations made previously. Repeat
terrestrial laser scanner surveys over a 2-week period encompassing the extreme storms gave
a cliff face volume loss 2 orders of magnitude larger than the long-term erosion rate. The
results imply that erosion of coastal cliffs exposed to extreme storm waves is highly episodic
and that long-term rates of cliff erosion will depend on the frequency and severity of extreme
storm wave impacts.
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1. Introduction and Background
Wave pressure fluctuations on the ocean floor generate microseismic ground motions both at
the coast and hundreds of kilometers inland. Seismologists and oceanographers have used
this ocean-driven microseismic activity as a proxy for hindcasting wave climate (Zopf et al.,
1976; Tillotson and Komar, 1997) since as far back as the 1930’s (Gutenberg, 1931; Ramirez,
1940; Longuet-Higgins, 1950). More recently, combined observations of coastal ground
motions and in-situ nearshore hydrodynamic data have advanced our understanding of
ground motion on different coastal morphologies and shelf bathymetries under varying tidal
and wave conditions (Adams et al., 2002; Adams et al., 2005; Young et al., 2011; Dickson
and Pentney, 2012; Young et al., 2012; 2013; Norman et al., 2013; Brain et al., 2014). In
most instances considered cliff-top ground motions increase with increasing wave height and
tidal elevations.
The cliff-top ground motions generated from local ocean waves can be categorized into three
major frequency bands: (1) high-frequency (HF) 1 – 50 Hz (1 – 0.02 s), reflecting the natural
frequency of the ground as it ‘rings’ in direct response to wave impact and breaking waves
(Young et al., 2013); (2) low-frequency cliff motion or ‘‘flexing’’ generated by individual
sea-swell or single-frequency waves (SF) 0.1 – 0.05 Hz (10 – 20 s) (Adams et al., 2005); and
(3) infragravity waves (IG) < 0.05 Hz (> 20 s) (Young et al., 2011; 2012) which load the
foreshore, causing pressure fluctuations. Microseisms are also detected and motions at
double-frequencies (DF, twice the primary sea swell frequency) (0.1 – 0.2 Hz, 1 – 5 s) exhibit
similar amplitude at the coast and tens of kilometers inland (Young et al., 2011; Norman,
2012; Young et al., 2013).
Cliff-top ground motions measured in wave conditions with significant wave height Hs less
than 3 m show vertical ground displacements in the region of 0.5 – 10 μm during each wave
4

loading cycle (Adams et al., 2005; Young et al., 2011; Young et al., 2013). It has been
suggested that this repetitive flexure of the cliffs ultimately fatigues rock strength and leads to
cliff failure (Adams et al., 2005). Experiments using cross-shore seismometer arrays show an
exponential decay in the ground motion signal (in the IG and SF bands) with distance inland
(Adams et al., 2005; Young et al., 2011; Norman, 2012; Young et al., 2012). The stresses
created by the decrease of displacement inland are thought to be responsible for potentially
weakening the integrity of the rock structure (Adams et al., 2005). Brain et al. (2014)
examined this hypothesis in sedimentary cliffs capped with glacial till deposits under a range
of wave conditions (Hs < 5 m) and argued that ‘background’ microseismic cliff-top motion
caused by cyclical loading is usually not of sufficient amplitude to drive growth of
microcracks. However, Brain et al. (2014) also suggest larger displacements associated with
episodic wave events (Hs > 5 m) can be responsible for less frequent, cliff-normal
displacements, leading to an interaction between groups of microcracks that could ultimately
damage the integrity of the rock structure.
Previous studies primarily focus on low to moderate incident ocean wave conditions and
observations of the impacts of extreme wave events are rare. This study describes a unique
set of observations made during exceptionally energetic storm conditions on a coastal cliff in
the southwest U.K (occurring 31st Jan – 6th Feb 2014). The winter of 2014 was one of the
most energetic periods the region has seen since the 1950’s (NOAA, 2014) and brought over
10 storms with significant wave heights in excess of 6 m (the 1% exceedance limit). This
study relates cliff-top seismic observations to visual observations of storm wave activity
using both in-situ and remote instrumentation. The cliff-top observations are placed in a
longer-term context by comparing cliff-face changes that occurred over this extremely
energetic period, obtained from terrestrial laser scanning, with the annual cliff-face
development over the last 50 yrs.
5

1.1 Study Site
The study site (Fig. 1) is situated on the southwest peninsula of the UK along a 300-m stretch
of uninhabited cliffed coastline southeast of Porthleven, UK. Facing southwest towards the
Atlantic Ocean, the site is subject to a highly energetic wave climate, being exposed to both
locally generated wind waves and Atlantic swell from the south and southwest (Scott et al.,
2011). The tidal regime is macrotidal with a mean spring range of 4.7 m. The cliffs are
fronted by a steeply-sloping (slope 0.12) beach, formed of mainly flint of two classes: coarse
to very coarse sand (1 – 2 mm) and fine to medium gravel (2 – 16 mm) (Buscombe and Scott,
2008). The cliffs rise 8 – 10 m above the beach, and the beach elevation at the cliff-toe varies
from anywhere between 2 m and 4 m seasonally (in m Ordnance Datum Newlyn (ODN)
which is c. 0.2 m above MSL).
The cliffs are mainly formed of Late Devonian Mylor slate lithofacies and comprise of pale
grey-green mudstone with interbedded-siltstone and fine-grained sandstone (Leveridge and
Shail, 2011) The cliffs are oriented at 200°, dipping gently southeastwards and exhibit
evidence of deformation during the Variscan Orogeny (Alexander and Shail, 1996); cut by a
variably reactivated network of late Carboniferous – Triassic fractures, joints and faults
steeply dipping SSW and NNE (Fig. 1b). The Mylor slates are overlain by a c. 2 m thick
Quaternary head deposit of poorly-consolidated clay, silt, sand and gravel capped with a thin
layer of ‘made ground’ (0.3 – 0.5 m); a remnant of mining activity in the late 19th century
(Cornwall County Council, 1999).
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Figure 1 – (a) Study site with locations of nearshore and deep water wave buoys. (b) Photograph of site and
locations of seismometer and video camera. The boundary between the two major geological units (Mylor slates
and overlying Quaternary head deposits) is identified with a dotted line. Mylor Slate characteristics are shown in
the outcrop in the foreground.

2. Methods
2.1 Wave climate
Deep water wave conditions were obtained from the Seven Stones offshore light-vessel
located 55 km to the west of the site with a water depth of approximately 60 m (NOAA,
2014). Hourly statistics of offshore significant wave height were derived for the 7-day
deployment duration. An inshore wave buoy located 1 km offshore (Porthleven buoy; Fig. 1a)
worked for the first 5 days of the deployment, but malfunctioned following the exceptionally
large waves on the night of 4th February. In order to extend the Porthleven wave record, the
closest alternative inshore buoy situated 70 km ENE from the study site (Looe Bay
directional wave buoy deployed in c. 10 m water depth; Fig 1a) was used. Over the available
data period (2011 – 2014) significant wave heights at the Looe Bay buoy under southerly and
southwesterly swell directions (180 – 225°) were only 5% smaller than the wave height
measured at the Porthleven wave buoy. The inshore Looe Bay wave data were therefore
considered representative for the wave conditions at Porthleven, and were deshoaled using
linear wave theory to obtain deep water wave conditions. The deep water significant wave
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height (Hs) and peak wave period (Tp) were subsequently used to compute the deep water
wave energy flux (P) using (Komar, 1998; Masselink et al., 2011):

𝑃=

1
𝜌𝑔𝐻𝑠 2 𝐶𝑔
16

Equation 1

where ρ is the density of seawater (1025 kg/m3), g the gravitational acceleration (9.81 m/s2)
and Cg the deep water group wave speed:

𝐶𝑔 =

1 𝑔𝑇𝑝
(
)
2 2𝜋

Equation 2

2.2 Video capture
The slightly embayed nature of the cliffs provided a promontory from which a GoPro®
waterproof video camera inside a closed-circuit television casing was deployed, facing north
alongshore, towards the cliffs. The videos were GPS time-synced and closely inspected for
cliff collapses, large wave impacts, and wave overtopping events for a 4:30 hour period as the
tide dropped from high-tide to mid-tide during the most energetic storm wave event (5th Feb
2014). The video camera provided a qualitative, but detailed account of the hydrodynamics
during the seismometer deployment.
2.3 Cliff-top ground motion
The cliff-top ground motion was recorded using a Nanometrics Compact Trillium broadband
seismometer sampling at 100 Hz. The seismometer response has 3 dB corners at 0.0083 and
108 Hz. The instrument was buried in the Quaternary deposit in the cliff-top about 1 m below
the ground surface, 5 m from the cliff-edge. The coastal cliff-top ground motions were
compared with data obtained from the British Geological Survey inland broadband
seismometer located at Carmellis, Cornwall 17 km inland from the site, sampling at 50 Hz
(ORFEUS, 2014).
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2.4 Seismic data processing
The raw ground vertical velocity data from the seismometer were corrected for phase and
magnitude according to the instrument response curve. Hourly segments were band-passed in
the frequency domain to investigate ground motions over three frequency bands: highfrequency (HF) 1 – 50 Hz, single-frequency (SF) 0.1 – 0.05 Hz, and infragravity-frequency
(IG) 0.005 – 0.05 Hz. Double-frequency (DF) 0.1 – 0.2 Hz ground motions were also
considered. The output velocity was integrated in the time domain to give ground
displacement. Horizontal velocity data contains tilt effects at low-frequencies (Rogers, 1968;
Webb and Crawford, 1999; Crawford and Webb, 2000) and have not been considered here.
2.5 Cliff-face volumes - Terrestrial laser scanning
Monthly scans of a 300-m cliff section at Porthleven were conducted using a Leica P20
terrestrial laser scanner over a 1-year period from July 2013 to July 2014 to enable linking the
wave impacts on the cliff, to cliff development. Volumetric changes at the cliff-face were
computed from these scans using a direct point-to-point cloud comparison method (Lague et
al., 2013).

3. Observations
3.1 Waves and water levels
The deep water wave buoy data presented in Figure 2a show two exceptionally large storm
wave events within our 7-day window. At this buoy location, the first storm on 1st Feb had
larger waves than the second storm on 5th Feb (Hs > 10 m, Tp > 14 s, compared to Hs > 8 m
and Tp > 12 s, respectively); however, the wave direction during the second storm was more
southerly, delivering more wave energy to the Porthleven coast. This is confirmed by the
inshore wave buoy statistics, which show more energetic wave conditions during the second
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storm (Hs > 7 m ) compared to the first storm (Hs > 5 m). Maximum wave energy during both
storms coincided with high-tide (Fig. 2a).
3.2 Cliff-top ground velocities and energy spectra
The cliff-top ground velocities increased with increasing incident wave height and tide level
(Fig. 2b). The largest velocities occurred during the two extreme storm wave events on 1st
and 5th Feb when significant wave heights offshore reached 6 – 8 m (Fig. 2a).
Comparison with inland seismic vertical velocity energy data (Fig. 2d) helped identify local
and non-local sources of energy. Elevated HF signals were detected at the coast yet not inland,
indicating a locally generated signal. The HF signals exhibited a tidal modulation and energy
double peaks around 10 Hz and 20 Hz suggesting a possible primary normal site frequency of
10 Hz. Throughout the deployment, inland and coastal DF signals are similar suggesting a
dominance of non-local signals at the coast, again, consistent with previous studies (i.e.
Young et al,. 2013). At the coastal site, elevated SF ground motions (not detected inland)
coincided with the storm events.

The inland seismometer detected three peaks in the

infragravity frequency range on the 1st, 2nd and 4th of February that were not detected at the
coast, suggesting local inland source. The spectral peak located around 0.1 Hz on the 3rd Feb
was present in both the inland and the coastal spectra and coincided with a magnitude 5.7
earthquake located at Lixourion, Greece (USGS, 2014). A clear IG energy peak occurred
during the storm periods only in the coastal spectra (Fig. 2c).
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Figure 2 – (a) Tidal elevations (predicted) and significant wave heights from offshore wave buoy (blue)
nearshore wave buoy at Looe Bay (green) and recorded (solid red line) Porthleven wave buoy. (b) Time series
of vertical cliff-top ground velocity. (c) Spectra of vertical cliff-top velocity energy and (d) spectra of vertical
velocity energy inland. The two rectangles on the spectra denote the most energetic storm wave periods.
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Figure 3 – Hourly total log vertical velocity energy (between 50 and 0.005 Hz) excluding double frequencies
(0.2 – 0.1 Hz) at various states of tide and deep water wave energy flux (calculated using Eqns. 1 and 2).
Vertical velocity energy is scaled by color and size of the bubble, and plotted logarithmically as the energy
increases by orders of magnitude during the extreme events.

The total hourly vertical velocity energy is a function of both incident wave energy and the
tidal elevation (Fig. 3). Lower-energy values are seen at all states of tide, yet only associated
with lower wave energy flux (< 100 kW/m). The highest velocity energy (an order of
magnitude greater than ‘normal’) only occurs during very energetic wave conditions and
during higher tidal elevations (where cliff-top velocity energy exceeded 1000 μm2/s2/Hz and
wave power exceeded 200 kW/m). The largest contribution during energetic wave conditions
and at higher tidal elevations is from energy at infragravity-frequencies.
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3.3 Displacements under extreme wave conditions
In previous cliff-top ground motion studies with significant wave heights up to 5 m, vertical
displacements rarely exceeded 10 μm (Adams et al., 2005; Young et al., 2011; Young et al.,
2013). At our site, ground displacements during both the extreme storm wave events
increased by an order of magnitude (Fig. 4b), where the vertical displacements increased
from 5 – 10 μm under calmer periods to > 50 μm under energetic conditions. These greatest
vertical displacements occurred during the second storm event at high-tide (Fig. 2 and Fig 4.
from 08:00 on the 5th Feb 2014).
The camera footage captured during the 5th February storm event shows different wave
conditions including: (1) wave breaking on the beach; (2) wave breaking at the cliff-toe; and
(3) overtopping of the entire cliff elevation. Timings of visible cliff collapses were also
recorded (Fig 4a and movie clip provided as supplementary material).
Under energetic conditions the largest vertical displacements (Fig. 4b) were coincident with
periods of successive cliff overtopping followed by water cascading down the cliff-face. This
suggests wave loading and unloading on the cliff-top might significantly increase cliff motion
and the associated strains and flexure mechanisms during times of wave overtopping at
higher tidal elevations.
Peaks in IG and HF signals also coincided with time periods of successive overtopping and
subsequent cascading events (Fig. 4c and e at 08:15 and 09:05 hrs.). However, not all
overtopping events caused significantly elevated signals. Elevated SF signals occurred during
some time periods of wave overtopping, but the signal variation was less clear compared to
timings of the peaks in the IG and HF signals.
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Figure 4 – (a) Wave impacts to the cliff characterized using the video camera footage, y-axis represents a gradual increase in height of wave impact up cliff face, from impact
to the toe to overtopping cliff-top, red dots indicate timings of cliff failures. Time series of vertical cliff-top displacement during camera deployment period (08:00 to 12:30
hrs. on 5th February 2014): (b) across all frequency bands (0.005 – 50Hz), (c) infragravity band IG (0.005 – 0.5 Hz), (d) single-frequency band SF (0.1 – 0.05 Hz) and (e)
high-frequency band HF (1 – 50 Hz). High-tide on the 5th Feb occurred at 8.31am.
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1

During each overtopping event, the camera footage showed large volumes of water impacting

2

the top of the cliff and cascading down the cliff-face for a limited amount of time (from

3

anywhere between 10 seconds to 2 minutes), the duration of which depended on the scale of

4

overtopping (Fig. 5a). The cameral footage commenced 30 mins prior to the peak of the high-

5

tide. Wave overtopping was recorded from this point and for up to 90 mins after the peak of

6

the tide. Although cliff collapses cannot be directly coupled with ground displacements, there

7

appeared to be a period of time around the high-tide where the majority of failures and wave

8

overtopping occurred. Ground displacement increased in magnitude over this period of

9

elevated tidal levels, suggesting that the cliff underwent an amplified series of strains and

10

flexure mechanisms during times of wave overtopping. Although the timings of the intensive

11

ground placements did not coincide exactly with the cliff failures, the period of energetic cliff

12

motion coincided with the period of frequent cliff failures.

Figure 5 - (a) Stills from camera footage, illustrating successive wave overtopping and subsequent drainage
events on the 5th February 2014 from 08:09 to 09:49 hrs. Overtopped water cascading down the cliff-face seen
in the stills corresponds with the shaded regions of plot b. (b) Vertical displacement during this period A 60-sec
movie clip during the camera deployment is provided as supplementary material.
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4. Geomorphic perspective and relation to cliff-face development

14

The consequences of these unusually large-scale cliff-top displacements (50 – 100 μm) under

15

the largest wave conditions seen in 60 yrs in terms of rock damage from coastal flexing are
15

16

unknown. However, previous research has suggested that although displacements under

17

‘normal’ conditions are not likely to contribute towards weakening of rock structures,

18

episodic displacements caused by extreme wave conditions may be responsible for failure in

19

metasedimentary cliffs (Brain et al., 2014).

20

The long-term annual retreat rate for Porthleven, obtained from aerial photography and

21

averaged over 50 yrs (Ridgewell and Walkden, 2009), is 0.1 myr-1. This value was

22

corroborated by Earlie et al. (2014) using airborne LiDAR over a 3.5 year period (0.09 myr-1).

23

Assuming a cliff height of 10 m, a long-term cliff recession rate of 0.1 m yr-1 equates to an

24

annual cliff volumetric loss of 1 m3 per m length of cliff. Terrestrial laser scans over the 2-

25

week storm period show that the 300-m long cliff section eroded 1350 m3, which represents

26

4.5 m3 average erosion volume per m length of cliff over the 2-week period, or an annual cliff

27

volumetric loss of 113 m3 per m length of cliff. The annual cliff volumetric loss over the 2-

28

week storm period is therefore two orders of magnitude greater than volumetric loss based on

29

the long-term cliff recession (i.e., 113 m3 m-1 yr-1 versus 1 m3 m-1 yr-1).

30

During the 4.5-hour camera deployment the video footage clearly shows failure of cliff

31

material throughout with over 30 failures recorded when energetic wave conditions and

32

regular cliff overtopping prevailed; such cliff failure is not observed under calmer conditions,

33

even at high-tide. This strongly suggests that the observed cliff failures have been triggered

34

by the direct combination of wave impacts and overtopping, and possibly facilitated by the

35

weakening of the cliff through microcrack density growth, such as suggested by Adams et al.

36

(2005) and Brain et al. (2014). The significance of these extreme wave events on erosion cliff

37

morphology is further highlighted by the observation that the total erosion volume over the 2-

38

week storm period not only exceeds the long-term erosion rate by two orders of magnitude

39

but also accounts for more than half (53%) of the total volumetric loss for the year 2013 –

40

2014 with reportedly the most severe winter wave conditions on record.
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41

5. Conclusions

42

Vertical cliff-top ground motions measured during an exceptionally stormy winter period in

43

the UK were found to increase with increasing Hs and tidal elevation. During extreme wave

44

conditions (Hs exceeding 6 m) vertical ground displacements increased by an order of

45

magnitude from 10 μm to 100 μm. Real time cliff-top video capture allowed for association

46

of these large ground displacements with the nearshore hydrodynamics and in particular cliff-

47

top wave overtopping events. The greatest ground motion contribution (~100 μm) originated

48

from displacements in the infragravity-frequencies (0.5 – 0.005 Hz). The displacement peaks

49

in the single-frequencies (0.1 – 0.05 Hz) of 10 μm and high-frequencies (1 – 50 Hz) of 5 μm

50

also coincided with the timings of the wave overtopping events captured with the video

51

camera. Cliff-face volume erosion measured over a 2-week storm period, encompassing the

52

two extreme events discussed in this study, exceeded the long-term erosion rate by two orders

53

of magnitude, providing a geomorphic link between energetic cliff-top ground displacements

54

and cliff failure.

55

Capturing these events during one of the stormiest periods the region has seen in 60 years,

56

highlights the role extreme events play in contributing towards coastal cliff erosion. Having

57

recorded microseismic cliff-top motion on this scale for the first time and determined an

58

effective method of monitoring the energetic wave impacts in-situ, emphasizes how further

59

investigation of cliff behavior during storms is not only obtainable, but paramount to

60

understanding coastal evolution under extreme conditions.
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Figure Captions
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Figure 1 – (a) Study site with locations of nearshore and deep water wave buoys. (b)

138

Photograph of site and locations of seismometer and video camera. The boundary between

139

the two major geological units (Mylor slates and overlying Quaternary head deposits) is

140

identified with a dotted line. Mylor Slate characteristics are shown in the outcrop in the

141

foreground.
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Figure 2 – (a) Tidal elevations (predicted) and significant wave heights from offshore wave

143

buoy (blue) nearshore wave buoy at Looe Bay (green) and recorded (solid red line)

144

Porthleven wave buoy. (b) Time series of vertical cliff-top ground velocity. (c) Spectra of

145

vertical cliff-top velocity energy and (d) spectra of vertical velocity energy inland. The two

146

rectangles on the spectra denote the most energetic storm wave periods.

147

Figure 3 – Hourly total log vertical velocity energy (between 50 and 0.005 Hz) excluding

148

double-frequencies (0.2 – 0.1 Hz) at various states of tide and deep water wave energy flux

149

(calculated using Eqns. 1-2). Vertical velocity energy is scaled by color and size of the

150

bubble, and plotted logarithmically as the energy increases by orders of magnitude during the

151

extreme events.

152

Figure 4 – (a) Wave impacts to the cliff characterized using the video camera footage, y-axis

153

represents a gradual increase in height of wave impact up the cliff face, from impact to the

154

toe to overtopping cliff-top, red dots indicate timings of cliff failures. Time series of vertical

155

cliff-top displacement during camera deployment period (08:00 to 12:30 hrs. on 5th February

156

2014): (b) across all frequency bands (0.005 – 50Hz), (c) infragravity band IG (0.005 – 0.5

157

Hz), (d) single-frequency band SF (0.1 – 0.05 Hz) and (e) high-frequency band HF (1 – 50

158

Hz). High-tide on the 5th Feb occurred at 8.31am.
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159

Figure 5 - (a) Stills from camera footage, illustrating successive wave overtopping and

160

subsequent drainage events on the 5th February 2014 from 08:09 to 09:49 hrs. Overtopped

161

water cascading down the cliff-face corresponds with the shaded regions of plot b. (b)

162

Vertical displacement during this period. A 60-sec. movie clip during the camera deployment

163

is provided as supplementary material.
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