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Rocky coa sts  make up ~50% of the 
world’s  coa stlines

Young and Carilli, ESPL (2019)



Hazards  on rocky shores  in a  
chang ing  climate

Wave height and 
variability increa s ing  
across  W. E urope

How sens itive are 
rocky coasts  to a 
changing wave 
climate?

Cas te lle et al. , 2018

Wave heights Variability



Under what conditions  do cliffs  erode?

Cornwall, UKEas t Sus s ex, UK

E ros ion is  governed by episodic colla pse events



Under what conditions  do cliffs  erode?

Cornwall, UKEas t Sus s ex, UK

Spoiler: We still don’t know



Why do we still not know?

- E pisodic cliff colla pse does  not a lways  

occur during  most intense environmenta l 

conditions  (e.g . Lim et a l., 2010)

- Tens ile s treng th of rock fa r exceeds  

s tresses  of individua l cra shing  waves  and 

other environmenta l forces  (1-10 MP a  vs . 

10-100 kP a )

- Cliff eros ion is  infrequent, ra tes  ha rd to 

measure

- Near-shore environments  a re ha rd to 

ins trument and nea r shore ocean wave 

trans forma tion is  not well-constra ined
White Cliffs  of Dover, UK



Opportunity for environmenta l seismology 

Capture cliff response to environmenta l 

conditions  a t a  high resolution

Resolve timing  and s ize of individua l cliff 

eros ion events

Infer coa s ta l eros ion processes  over short 

timesca les

Towards  esta blishing  a  link 

between environmenta l forcing , cliff 

strength, and cliff fa ilure

ORKNEY UK SET-UP



First step: Disentang ling  environmenta l forces  and 

cliff response

Common approach: Compare cliff 

shaking  to ava ila ble environmenta l 

data sets Vann Jones  et al. , 2013



Seismic s igna ls  on rocky coa sts

wind
15 – 60 Hz 



Wind is  pers istent, but weak!

2 orders  of 

magnitude lower 

than energy flux 

from waves  or 

tides

Weak correlation 

between wind 

direction and 

eros ion (r2 ~0.4).
Vann Jones  et al. , 2013 Lim et al. , 2011



Seismic s igna ls  on rocky coa sts

tide s
12 hours  



Tides  amplify wave s igna ls

Lim et al. , 2011
Vann Jones  et al. , 2013

Hour

- Shifts  wave breaking  closer to cliff fa ce, increa s ing  

ground motion



Seismic s igna ls  on rocky coa sts

waves
0.05 – 0.1 Hz



Coherent cliff “sway” with ocean swell

Loading  and unloading  of shore 

platform 

Relationship to cliff eros ion rema ins  

unexplored

Young et al. , 2011



Seismic s igna ls  on rocky coa sts

wave  impac ts
1 – 50 Hz 



Big ger waves , more shaking

On average, 

ground motion 

correlated to 

s ignificant 

wave height, 

Hs

Dicks on and Pentney, 2012



Minute

Thomps on et al. , 2019
Dicks on and Pentney, 2012

Big ger waves , more shaking…?

On average, 

ground motion 

correlated to 

s ig nificant 

wave height, 

Hs

Breaking  

waves  have 

outs ized effect



Seismic s igna ls  on rocky coa sts

c liff failure



E vent location and eroded volume estimation is  
poss ible, but observations  are rare!

Dietze et al. , 2020

Many ca se studies , especia lly in hard rocks , don’t capture fa ilure during  

deployment



Seismic s igna ls  on rocky coa sts

c liff fle xure



Cliff flexure primes  cliffs  for fa ilure?
Adams  et al. , 2005

Observation: Ground motion deca ys  

with dista nce landward

Adams (2005) Hypothes is : 

Repeated cliff flexure drives  rock 

damage, preconditioning  rock for 

eros ion

Important note: Observation ha s  

never been explicitly tied to rock 

properties



E xploring  links  between wave climate , cliff 
shaking , and potentia l for rock damage
Santa  Cruz, CA

Adams et a l., 2005

Boulby, UK

Vann-J ones  et a l., 2015

La  J olla , CA

Young  et a l., 2012

Orkney Is la nds , UK

This  study

Cons is tent sandstone lithology 
a cross  s ites

Ground displa cement metrics  
extra cted every hour

P a ired with nea r-shore buoy 
da ta  and ba thymetryn=2 n=5

n=4n=6 n = # of s e is mic  s tations
Mas te lle r e t al. , in prep



Site-specific sens itivity of ground motion to 
wave height

Ground displa cement increa ses  

with wave magnitude in a ll 

ca ses

Boulby, La  J olla , and Santa  Cruz

a ll ha ve moderate sens itivity to 

chang ing  wave magnitude

Orkney s ite s ig nificantly more 

sens itive to changes  in wave 

height

Steepe r s lope s  = more  s ens itive  
to changes  in wave  he ight

Mas te lle r e t al. , in prep



Sens itivity to wave height variations  controlled 
by wave breaking  location

P os ition of wave breaking  sets  sens itivity of 

cliff ground motion to differences  in wave 

height

Breaking focus ed at the coas t

Waves  break furthe r from the coas t, le s s  focus ed
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Cons istent patterns  in ground 
motion attenuation across  s ites

Decay in cliff shaking  

amplitude agrees  with 

surfa ce wave attenuation 

Similar patterns  across  

BOU, LJ A, and SCZ

BOU

LJ A

SCZ



E nhanced attenuation on Orkney

ORKE nhanced decay in seismic 

s igna l with dista nce inla nd at 

Orkney

E nhanced attenuation

of ground motion



E nhanced attenuation on Orkney

ORK

E nhanced decay in seismic 

s ig na l with dista nce inla nd at 

Orkney

E nhanced attenuation

of ground motion

inc reas ing attenuation



Implications  for rock 
damage development?

E nhanced attenuation

of ground motion

Increa sed potentia l for damage on 

Orkney?

We’re working  on it!
- Further ana lys is  of a ttenua tion pa tterns

- Active seismic s tudy to interroga te poss ible 

damage la yer

- Ambient noise techniques  to explore 

tempora l changes  in cliff properties



Implications  for rock 
damage development?

E nhanced attenuation

of ground motion

Increa sed potentia l for damage on 

Orkney?

We’re working  on it!
- Further ana lys is  of a ttenua tion pa tterns

- Active seismic s tudy to interroga te poss ible 

damage la yer

- Ambient noise techniques  to explore 

tempora l changes  in cliff properties
Take home: Loca l uplift rates  and shore 

platform morphology set the sens itivity of 

rocky coa stlines  to varia ble wave action 



Progress  towards : 

- Separating  s ig na ls  related to 
distinct environmenta l forces

- Monitoring  and locating  cliff 
fa ilure

- Assess ing  influence of 
potentia l fa ilure mechanisms

cmas te lle r@wus tl.edu
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Outstanding challenges : 

- Link between environmenta l forcing  

and cliff eros ion rates
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Outstanding challenges : 

- Link between environmenta l forcing  

and cliff eros ion rates

- Limited interrogation of influence and 

evolution of cliff materia l properties

- Limited focus  on identifying  

precursors to cliff fa ilure 

Operational challenges  and 

limitations :

- Sma ll number of data sets  w/ varia ble 

setups

- “Noisy” environments

- Directiona l sources

- Fa ilure is  rare, eros ion hard to 

measurecmas te lle r@wus tl.edu


