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Changes in sea-cliff morphologies along the 30-km-long Sharon Escarpment segment of Israel's weakly
cemented Mediterranean eolianite cliff line were analyzed to gain quantitative insights into erosion charac-
teristics associated with a high-energy winter storm (10–20 year return interval). Ground-based repeat
LiDAR measurements at five sites along the cliff line captured perturbations of cliff stability by basal wave
scouring during the storm, subsequent post-storm gravity-driven slope failures in the cliff face above, and
return of the system to transient stability within several months. Post-storm erosion, which amounted to
70% of the total volume of cliff erosion documented, resulted in dramatic local effects of up to 8 m of
cliff-top retreat. And yet, at the larger scale of the 30-km cliff line examined, erosion during the storm and
the year that followed affected less than 4% of the cliff length and does not appear to be above the average
cliff-length annual erosion implied by previously published decadal-scale retreat rates along this sea cliff.
Our results do not support a direct association between strong storm events and elevated erosion and retreat
at the cliff-line scale.

© 2013 Published by Elsevier Inc. on behalf of University of Washington.
1. Introduction

Erosion and inland retreat of coastal cliffs present one of the most
dynamic landscape evolution processes presently challenging coastal
communities and infrastructure (e.g., Sunamura, 1992; Benumof et
al., 2000; Moore and Griggs, 2002; Collins and Sitar, 2008). As such,
and because of the potential acceleration of coastal cliff erosion in
light of climatic changes and projected sea-level rise (Bray and
Hoke, 1997; Zhang et al., 2004), the study of coastal cliff retreat has
benefitted from a wealth of recent studies aimed at quantitatively
characterizing the phenomenon and the time scales associated with it
(e.g., Budetta et al., 2000; Lee et al., 2001, 2002; Dong and Guzzetti,
2005; Mills et al., 2005; Rosser et al., 2005; Collins and Sitar, 2008;
Young et al., 2009a,b, 2011).

Historical to decadal sea-cliff retreat patterns have typically been
studied using aerial photography and historical maps (e.g., Komar and
Shih, 1993; Zviely and Klein, 2004; Teixeira, 2006; Marques, 2008;
Brooks and Spencer, 2010; Brooks et al., 2012). For longer-termgeologic
time scales, quantitative estimates of Quaternary retreat rates are now
emerging with the application of cosmogenic radionuclide dating tech-
niques for constraining exposure histories in sea-cliff environments
(e.g., Regard et al., 2012).Whereas these approaches provide important
time-averaged constraints for the cumulative geomorphic effect of the
suite of erosional processes that drive coastal cliff retreat, complemen-
tary investigations of sea-cliff activity at annual time scales and below
sevier Inc. on behalf of University o
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(e.g., Allan and Komar, 2002; Hapke and Richmond, 2002; Sallenger et
al., 2002; Ferreira, 2005) are also required to characterize the funda-
mental mechanisms that govern erosion in this environment.

Recent technological advances using airborne and terrestrial
LiDAR scanning, which facilitate high resolution 3D mapping of sea-
cliff morphologies, provide unprecedented resources to study the
spatial distribution of sea-cliff activity and erosional processes at
sub-annual time scales (e.g., Lim et al., 2005; Collins and Sitar,
2008; Young et al., 2009a,b; Lim et al., 2010; Quinn et al., 2010;
Young et al., 2010; Olsen et al., 2011; Young et al., 2011; Barlow et
al., 2012). Yet, such quantitative characterization of sea-cliff activity
at sub-annual time scales (e.g., individual storms) remains a challeng-
ing task mainly due to the frequent sampling intervals required to cap-
ture such short duration, spatially heterogeneous and often non-linear
natural phenomena. Consequently, sea-cliff erosion patterns associated
with short-duration strong weather events and the role of such events
in the overall evolution of coastal cliff environments present one of
the more loosely constrained and controversial aspects of coastal cliff
retreat (Williams, 1956; Steers et al., 1979; Thorne et al., 2007; Brooks
et al., 2012). In addition to bearing on the ‘universal’ debate regarding
catastrophic vs. gradational evolution of geomorphic systems
(Wolman and Miller, 1960), constraining the role of extreme storms
in the evolution of coastal cliffs also bears direct societal implications
on cliff-retreat mitigation policies in light of projected climatic change,
global sea-level rise and the potential increase in stormicity (e.g.,
Lowe et al., 2009).

In this study we used a sequence of 22 high-resolution (1–2 cm)
ground-based LiDAR scans to quantify changes in cliff-facemorphologies
f Washington.
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at 5 selected sites along Israel's Mediterranean eolianite coastal cliff line
during a 13-month period between Oct. 2010 and Nov. 2011. These data
allowed us to identify and characterize the fundamental short-duration
erosion processes that govern sea-cliff activity and retreat in response
to a pronounced (10–20 year return period) high-energy winter storm
event that occurred in the region on December 11–13, 2010.We present
a case study that captures key elements of a sea-cliff erosion cycle char-
acterized by ‘instantaneous’ perturbation in cliff stability induced by the
storm, a subsequent peak in post-storm cliff erosion, and relaxation of
the system down to transient stability. In addition, field mapping along
a 30-km segment of the cliff line surrounding the 5 LiDAR sites allowed
us to constrain the spatial distribution of storm-related erosion at the
larger cliff-line scale.

1.1. The Sharon coastal cliff escarpment

A sequence of coast parallel, Nilotic, late Pleistocene to earlyHolocene
eolianite ridges characterize Israel's Mediterranean coast line (Tsoar,
2000; Frenchen et al., 2001; Almagor, 2005; Fig. 1), which experienced
ca. 7 km inland migration during the rapid post-LGM (last glacial maxi-
mum) Holocene sea-level rise of the easternMediterranean (Sivan et al.,
2001; Lambeck and Purcell, 2005). Sea level in the region stabilized at ca.
3000 14C yr BP, after which less than 1 m of sea-level fluctuations have
been documented (Sivan et al., 2004; Klein and Lichter, 2007). Thus,
the present-day sea cliff that marks central Israel's Mediterranean coast
has been formed through land–sea interaction since the late Holocene.
Figure 1. Location map of the studied Sharon coastal cliff Escarpment. Black arrows
highlight the coast-parallel eolianite ridges that characterize Israel's Mediterranean
coastal plain. Dotted rectangle is shown in Fig. 2.

rg/10.1016/j.yqres.2013.04.004 Published online by Cambridge University Press
Measured sea-cliff retreat rates in the region, which have been typically
constrained over decadal time scales from historical aerial photography,
are variable and range between 0.1 and 0.5 m/yr (Zviely and Klein, 2004;
Katz et al., 2007 and references within).

We focus here on a fairly continuous 30-km-long cliff segment of
Israel's Mediterranean sea cliff that lies in the Sharon region between
Herzlia and Olga, termed herein as the ‘Sharon Escarpment’ (Fig. 2).
The average height of the Sharon Escarpment is 18 m above sea
level, and in places it reaches up to 50 m above sea level. The escarp-
ment forms a generally linear NNE-striking geomorphic feature that is
interrupted in only two places by the outlets of the Poleg and Alexander
drainages. Perturbations in the plan-view linearity occur as capes and
embayments up to hundreds of meters in length and tens of meters in
amplitude. Capes are typically shielded by partially submerged boulder
fronts and appear to be associated with increased mechanical strength
of exposed cliff stratigraphy. Man-made cliff protection is minimal
along the Sharon Escarpment and occurs in three places as: 1) Offshore
man-made wave breakers that span 540 m at Natanya; 2) an ancient
port and modern retaining wall that span ~150 m below the Apollonia
archeological site; and 3) a recently emplaced retaining wall that spans
100 m just south of the Alexander drainage outlet (Fig. 2).

1.2. Cliff stratigraphy and hydrology

The cliffs of the Sharon Escarpment consists of alternating late
Pleistocene–Holocene (Engelmann et al., 2001; Frenchen et al., 2001,
2002; Porat et al., 2004) quartz-dominated, carbonate-cemented
eolianites and clay-bearing paleosols with common unconformable
contacts (Yaalon, 1967; Gvirtzman et al., 1984) (Fig. 2). The lower-
most Ramat Gan Eolianite is overlain by the Nahasholim paleosol. Dor
Eolianite overlies the Nahasholim paleosol and is overlain by the
Natanya paleosol, which is capped by the uppermost Tel Aviv Eolianite.
The Ramat Gan and Dor eolianites are considered to be mechanically
weak (Wiseman et al., 1981; Arkin and Michaeli, 1985; Frydman, 2011)
and slope-failure type within these units is characteristic of weakly to
moderately cemented sands as defined by Collins and Sitar (2011).

The regional groundwater level along the escarpment is less than
1 m above mean sea level (Shalev et al., 2009). Cliff-face exposures
are therefore effectively situated above the groundwater level and
within the unsaturated zone. There is no evidence indicating the
existence of perched aquifers near the cliff face and spring discharges
do not occur along the escarpment, even during the winter season.
Maximum–minimum differences in tidal effects along the escarp-
ment do not exceed 0.5 m. Waves traverse the typical sandy shores
and reach the cliff base only during winter storms.

1.3. LiDAR study sites

Five separate 60–250 m long cliff segments were selected to rep-
resent the variability in cliff morphologies and exposed stratigraphy
along the 30 km of the Sharon Escarpment (Fig. 3). Prior to the
December 2010 storm, the cliffs at all sites were sub-vertical to verti-
cal and were characterized by a well-developed crusted cliff-face
appearance that indicated relative pre-storm stability.

I. Olga South: The monitored cliff segment here is 150 m long,
rises up to 25 m above sea level and is composed primarily of
Dor Eolianite. This site is located along a local cape that devi-
ates up to 50 m seawards from the general NNE linear trend
of the cliff line (Fig. 3A). Pre-storm conditions at the site (mea-
sured 47 days before the storm) presented a near-vertical cliff
face and a beach stretch up to 10-m-wide interrupted midway
by a pile of talus material associated with an older 20-m-long
landslide scarp in the cliff face directly above. The north part
of this site was shielded by partially submerged 0.5–3 m Dor
Eolianite boulders that form two discrete fronts, located ~30
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Figure 2. The Sharon Escarpment, between Herzlia and Olga N. (A) Location of the five LiDAR study sites along Sharon Escarpment. A and A′mark the 30-km-long transect in Fig. 6.
(B) Local capes and embayments occur along the generally linear NNE trending cliff line (C). (D) A generalized cross-section as exposed at a cape just south of the Olga S site: DE —

Dor Eolianite, NTP — Natanya paleosol, TAE — Tel-Aviv eolianite and TD — active Ta'arukha dunes. The lower Nahsholim paleosol and Ramt-Gan eolianite are not exposed here.
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and 45 m seawards of the cliff (Fig. 3A) and most likely repre-
sent two older cliff-collapse episodes.

II. Olga North: This monitored cliff segment is 60 m long, reaches
a height of up to 20 m above sea level and is composed pri-
marily of Dor Eolianite. The entire site is located at the apex
of a prominent cape that deviates up to 50 m seawards from
the general NNE linear trend of the cliff line. Similar to the
Olga S site located ~1.5 km to the south, a near-vertical cliff
face and a ~15-m-wide sandy beach stretch shielded by two
discrete fronts of partially submerged boulders, ~25 and 40 m
seaward of the cliff, characterized the pre-storm conditions at
this site (Fig. 3B).

III. Gaash: The monitored cliff segment here is 260 m long and
reaches up to 40 m above sea level. The base of the cliff is com-
posed of the Ramat Gan Eolianite and is overlain by the
Nahasholim paleosol, which itself is overlain by a ~20-m-thick
section of the Dor Eolianite (Fig. 3C). Pre-storm conditions at
this site (measured 27 days before the storm) presented a
~45° cliff face for the Dor Eolianite exposures and numerous
talus piles (derived from the upper Dor Eolianite material) up
against the basal Ramat Gan Eolianite, which exhibited near ver-
tical cliff geometry, where exposed. A large 60-m-long talus
(T1), associated with an older landslide within the Dor Eolianite
marked the middle of the studied stretch. The Gaash site was
also characterized by a ~30-m-wide pre-storm sandy beach
that separated the cliff base from the water line.

IV. Apollonia: This monitored cliff segment is 80-m-long, reaches up
to 20 m above sea level and is composed primarily of the Ramat
Gan Eolianite (Fig. 3D). Pre-storm conditions (measured 14 days
before the storm) presented near-vertical cliffs with common
cantilevered notches at the base and a narrow beach stretch up
to 5 m wide that separated the cliff base from the water line.

V. Herzlia: The monitored cliff segment is 180-m-long, reaches
a height of up to 25 m above sea level and is composed primar-
ily of the Dor Eolianite. The pre-storm LiDAR survey at
this site (conducted 42 days before the storm) documented a
oi.org/10.1016/j.yqres.2013.04.004 Published online by Cambridge University Press
near-vertical cliff face with common basal talus piles (Fig. 3E) and a
wide ~30 m sandy beach that separated the cliff base from the water
line.

1.4. Regional climate and the December 2010 storm

The climate in the study area is Mediterranean with dry summers
(June–August) and rainy winters (December–April). Average annual
precipitation in the region is ca. 550 mm/yr (Goldreich, 2003). The
highest concentration of rain days typically occurs between December
and February. In terms of precipitation the 2010–2011 winter was an
average season, with a total annual precipitation of 430 mm between
10/2010 and 9/2011. The December 2010 storm, which is the focus of
this study, was the first major weather event in the 2010–2011 winter
season and was recorded as an exceptionally strong high-energy mete-
orological event that lasted for three days between December 11 and
13, 2010 (Fig. 4). Precipitation during the storm amounted to 61 mm
and peak wind speeds reached 21 m/s. Wave-height records at the
Haifa and Ashdod ports (~40 km north and south of the escarpment,
respectively) reveal maximum wave heights of 14 and 12 m, respec-
tively, during the storm. The recurrence interval of such wave heights
along the eastern Mediterranean shoreline is 20 and 10 years, respec-
tively (Dr. M. Glozman, personal com., CAMERI: http://cee.technion.ac.
il/eng/).

2. Approach and methodology

Israel's Mediterranean coastal cliff has been previously highlighted
as an example for sea-cliff erosion in weakly cemented eolianite
sea-cliff environments (e.g., Arkin and Michaeli, 1985; Collins and
Sitar, 2011). Our experimental setup was designed to characterize the
suite of physical processes that drive sea-cliff erosion and retreat
along the Sharon Escarpment through high-resolution repeat ground-
based LiDAR scans of cliff-face morphologies during the course of a
year. As cliff-base erosional activity appears to have a key role in the
evolution of weakly cemented coastal cliffs (Richards and Lorriman,
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Figure 3. Oblique aerial photos of the LiDAR study sites. White boxes mark the scanned area within each site. Partially submerged boulder fronts that effectively shield local capes
from erosion at Olga N and Olga S are highlighted by white arrows. Note the sandy beach stretch that typically separates the cliff base from the water line along the escarpment. This
separation is maintained during daily tidal variations and is overcome only during winter storms.
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1987; Jones et al., 1993; Collins and Sitar, 2008; Young and Ashford,
2008; Budetta, 2011), we used a ground-based LiDAR to accurately
measure the steep and locally overhanging sea-cliff topography
(Rosser et al., 2005; Young et al., 2010).

Recent slope failures along the Sharon Escarpment are readily iden-
tified in the field according to the "fresh" field appearance of their scars,
which contrasts the “crusted” appearance of stable cliff exposures
(Fig. 1Sa). Moreover, examination of scars associated with documented
slope failures from previous years reveals a qualitative correlation be-
tween the age of the slides and the degree of progressive crusting
and/or darkening that occurs at the surface of the eolianite exposures
within the scar: the older the scar is, the more developed the crusting
becomes. Therefore, the 2010–2011 cliff-collapse scars were easily dis-
tinguishable in the field according to their “fresh” non-crusted appear-
ance, whereas stable cliff sections were readily identified according to
their dark and “crusted” appearance. Accordingly, LiDAR-based map-
ping of changes in cliff-facemorphologies were not utilized for identify-
ing erosion associated with the storm, but rather for measuring the
volume and 3D geometry of erosional activity independently identified
as such through field-based observations.
rg/10.1016/j.yqres.2013.04.004 Published online by Cambridge University Press
2.1. Ground-based LiDAR surveys

LiDAR scans were carried out using a tripod-mounted Leica
ScanStation2. A total of 22 surveys were conducted at the five sites
over a period of 398 days from Oct. 21 2010 to Nov. 28, 2011. Scan res-
olution was typically less than 2 cm (sampling intervals projected onto
the cliff face). Pre-existing stable structures (typically man-made)
found within scan range were used as benchmarks for co-registration
of surveys from different dates (‘epochs’) and were scanned at 0.3-cm
resolution. The monitored cliff sections at each site were scanned
from at least two positions (per epoch) in order to address inherent
“shadowing” that commonly leads to data voids in rough natural sur-
faces. Scanner distances from the cliff were dictated by the position of
the water line during measurements and ranged between 10 and
40 m. To avoid overly oblique point reflections an effort was made to
avoid scanning angles larger than 45° with respect to the cliff.

Processing of the point-cloud data was carried within the ‘Cyclone’
software package (http://hds.leica-geosystems.com). At each site,
co-registration of the vector data from the different epochs into a
common coordinate system was followed by conversion into 7–

http://hds.leica-geosystems.com
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Figure 4. (A) Maximum daily wind and daily precipitation during the 2010–2011 season, from 50 days before until 1 year after the December 11–13 storm. Measurements were
obtained from the Yedidya meteorological station located 5 km inland of Natanya. (B) Maximum wave heights at the Haifa port located 40 km north of the Sharon Escarpment
(source: http://www.israports.org.il). Dotted line marks the maximum magnitude of tidal variations along the escarpment. (C) Cumulative volume loss from the cliff face at
each site as function of time. Values along the x-axis are plotted according to the respective dates of the 22 LiDAR surveys conducted. Syn-storm erosion volumes were constrained
from the first available post-storm LiDAR surveys at each site and are projected onto the ‘storm line’ as double framedmarkings. Uncertainty bounds for all volume estimates are±6%.
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12 cm/pixel grids using the ENVI commercial software package. A
vertical (cliff-normal) reference plane was used to accommodate
vertical and overhanging cliff morphologies. Cliff-normal difference
maps were produced by subtracting co-registered grids from subse-
quent epochs. Erosion volumes were measured directly from these
cliff-normal difference maps. Because the base of collapsed areas
was commonly covered by talus and/or boulders, calculated erosion
volumes are minimum values in most cases.

Accuracy for this change detection methodology was assessed by
analyzing the apparent change measured with the LiDAR data within
stable cliff sections, independently identified as such in the field
according to their heavily crusted appearance. Two such stable
≥1 m2 sections (i.e., >64 pixels each) were examined for each differ-
ence map that was produced. Detection limits were obtained by
examining the apparent changes in these stable sections and were
typically ±8 cm in the cliff-normal direction. As the cliff-failure
events documented with the LiDAR resulted in average cliff-normal
retreat larger than 150 cm we assume a conservative ±6% error in
oi.org/10.1016/j.yqres.2013.04.004 Published online by Cambridge University Press
the erosion volumes reported herein. The LiDAR scans were used to
quantify storm related cliff erosion, independently identified as such
according to the characteristic fresh field appearance of failure scars,
rather than for identifying the actual occurrence of such erosion.
Thus, we regard the accuracy obtained as sufficient for the 1st-order
characterization of the cliff erosion mechanisms discussed herein.

In our analysis we distinguish between cliff erosion that occurred
during the storm and post-storm erosion, which refers to all forms of
cliff erosion that occurred after the end of the storm on December 13,
2010. This distinction was based on field observations documenting
the presence of or lack of intact, non-truncated tapering talus material
below the eroded cliff face during the first post-storm survey at each
site. All sites (except Olga N) were surveyed soon after the storm and
before the next high-energy weather event, which occurred 48 days
after the storm (Fig. 4). Thus, fresh collapse scars in the cliff facewithout
associated collapse sediments (e.g., talus) below them (in the first
post-storm survey) are categorized as ‘syn-storm’ activity with the
assumption that these sediments were removed from the cliff base

image of Figure�4
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Table 1
Summary of landslide volumes mapped in the five LiDAR sites.

Site Locationa Eventb Datec Volume Remarks
(km) (m3)

Olga North 29.26 P1 23 1985 –

Olga South 27.88 st1 0 257
27.93 st2 0 515
27.95 st3 0 161
27.97 st4 0 140 Talus erosion
28.01 P1 30 41 –

27.87 P2 58 67 st1d — 44 m3

27.89 P3 105 1128 st1d — 218 m3
27.91 P4 135 940 St2d — 272 m3

Ga'ash 5.50 st1 0 167 Talus erosion
5.44 st2 0 274 Talus erosion
5.38 st3 0 213 Talus erosion
5.30 st4 0 607 Talus erosion
5.22 st5 0 165 Talus erosion
5.12 st6 0 665 Talus erosion
5.36 P1 15 141 st3d — 87 m3
5.07 P2 15 171 st6d — 73 m3
5.44 P3 191 155 st1d — 90 m3
5.38 P4 191 31 st2d — 28 m3
5.36 P5 191 204 st3–4d — 428 m3
5.21 P6 191 18 st5d — 13 m3

Apollonia 1.16 st1 0 4
1.14 st2 0 35
1.08 st3 0 13
1.07 St4 0 127
1.10 P1 8 25 st2d

1.08 P2 149 38 st3d — 13 m3
Herzliya 0.15 St0 0 35

0.09 st1 0 296 Talus erosion
0.03 st2 0 208 Talus erosion
0.00 st3 0 51 Talus erosion
0.15 P1 38 155 st1d — 52 m3

Total 8997/6211 w/o talus erosion

– Pre-storm data not available.
a Distance along the Sharon Escarpment (A–A′, shown in Fig. 2).
b Discrete erosion events, where st and P are syn- and post-storm events, respectively.
c Days after December 13, 2010. This value is the LiDAR surveying date and is a maxi-

mum time constraint for the failure event).
d Associated basal cliff erosion.
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during the storm itself. Accordingly, collapse scars with associated
intact and non-truncated talus material directly below themwere cate-
gorized as post-storm activity.

At the LiDAR sites wemake another field-based distinction between
erosion/removal of disintegrated ‘loose’ basal sediments, i.e., talus, and
erosion of ‘intact’ cliff material. Accordingly, herein “talus erosion”
relates to removal of material from pre-existing talus piles at the toe
of the cliff and “cliff-face erosion” relates to removal of material from
the cliff itself.

2.2. Sharon Escarpment field transect

A detailed field transect of storm-related cliff-face erosion along the
entire Sharon Escarpment was conducted seven months after the
December 2010 storm, on July 19, 2011. Cliff-face erosion scars from
2010 to 2011were identified according to their “fresh” field appearance
(see Section 2.1) and their locationswere registered using aGPS receiver.
The erosional volume marked by each of these scars was constrained
according to estimates of its length, height and average cliff-normal
depth. Comparison between volume constraints derived from these esti-
mates and LiDAR measurements of slope failures at the LiDAR sites re-
vealed up to 50% error in the non-LiDAR field-based volume estimates.

3. Results

3.1. Olga South

Cliff activity at this site was characterized with 9 post-storm LiDAR
surveys (up to 329 days after the storm; Table 1) that documented a
total of 3249 m3 of erosion (Figs. 4 and 5). The first post-storm LiDAR
survey was carried out 30 days after the storm and revealed exten-
sive erosion along 95% of the studied cliff stretch. Cliff-face erosion
during the storm (st1–3, Fig. 5F) totaled 933 m3 and was concentrated
in the basal half of the cliff north of the pre-existing talus pile (st4),
which itself experienced 140 m3 of erosion during the storm. Storm
activity was terminated by deposition of a 1-m-high berm of eolianite
cobbles (stT) at the base of the cliff north of st4. Post-storm activity up
until the first survey was fairly minor totaling 41 m3 as one rockfall
event (P1) that occurred at the southern end of the site.

The second post-storm LiDAR survey, conducted 58 days after the
storm, documented a single 67 m3 rockfall event (P2) that occurred
mid-cliff at the northern end of the site. The third post-storm LiDAR
survey, conducted 105 days after the storm, recorded a massive
1128 m3 rockfall event (P3) that occurred on day 96 (March 19th per-
sonal comm. with local residents) just above st1 and P2. The fourth
post-storm LiDAR survey, conducted 135 days after the storm,
recorded another massive 940 m3 rockfall event (P4) that occurred
between days 105 and 119 after the storm (personal comm. with
local residents) above st2. The P3 and P4 collapse events affected the
entire cliff face and resulted in up to 8 m of inland cliff-top retreat.
The remaining 4 post-storm LiDAR surveys at this site documented
little change and overall cliff stability since the P4 event. Nonetheless,
prominent cliff-parallel fractures visually apparent ~2 m inland from
the cliff face, within P*5 and P*6 place these cliff sections at elevated
hazard for future collapse (Fig. S1).

3.2. Olga North

The first post-storm LiDAR survey, conducted 52 days after
the storm (Fig. 4), recorded a massive 1985 m3 post-storm rockfall
(P1; Fig. S2) that occurred on January 14th 2011, 33 days after the
storm (reported on the local news). This rockfall affected the entire
cliff height and resulted in 7 m of estimated inland cliff-top retreat.
The second post-storm LIDAR survey at this site was conducted
295 days after the storm and documented little change and overall
cliff stability since the P1 event. A detached and tilted, yet still upright
rg/10.1016/j.yqres.2013.04.004 Published online by Cambridge University Press
and intact, 10-m-high block (P*2; 300 m3) is nested along the northern
scarp of this rockslide. Field relations indicate that P*2 was detached
from the cliff together with P1 and therefore belongs to the same
January 14th 2011 collapse event. The non-crusted "fresh" appearing
~1 m deep basal notch at the bottom of P*2 and along the cliff face
just north of it indicates that basal erosion during the storm did in fact
precede the January 14 collapse. Pre-storm LiDAR data are not available
for this site.
3.3. Gaash

The first post-storm LiDAR survey was conducted 15 days after
the storm (Fig. 4) and recorded extensive storm erosion that affected
>95% of the cliff length (Fig. S3, st1–6). This erosion removed 2090 m3

(Table 1) — primarily pre-existing talus material from the bottom
10 m of the cliff. Post-storm erosion at this site up until 15 days
after the storm occurred as two discrete slumps (P1,2) that totaled
312 m3. Large parts of the sandy beach stretch were covered by a
layer of eolianite pebbles, up to 0.5 m thick. The second post-storm
LiDAR survey, conducted 191 days after the storm, documented
post-storm erosion of 409 m3 distributed between: a) two slumps
(P3,4; 155, 31 m3

, respectively) in the north, b) numerous smaller-
scale slides (P5) that total 204 m3 within T1 and c) several
small-scale basal slides (P6) within Ramat Gan Eolianite exposures
in the south (total 18 m3). The third post-storm LiDAR survey conducted
351 days after the storm revealed no significant change and overall cliff
stability.
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Figure 5. Olga South (A) pre-storm panorama. Dashed lines outline the locations of syn-storm (st) and post-storm (P) erosion along the cliff face. (B) Post-storm panorama.
(C) Post-storm cliff failure marked by a basal talus pile below the collapse scar. Note the contrast between the "fresh" appearance of the cliff face inside the collapse scar and crusted
and appearance of the stable cliff face outside the collapse scar. Note the non-truncated tapering appearance of the talus pile, which indicates that waves did not reach this elevation
since the collapse event. (D) Pre-storm shaded relief map of the cliff face (10 cm/pixel); (E) shaded relief map of the cliff face (10 cm/pixel) showing cumulative cliff activity up to
May 2011. (F) Shaded relief maps (10 cm/pixel) showing incremental cliff activity up until day 163 after the storm as incremental difference maps overlain onto shaded relief
images of the cliff. Dotted vertical lines mark the location of the cross sections in Fig. 7. The four subsequent surveys preformed at this site after day 163 (not shown) revealed
no significant changes in cliff morphology.
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3.4. Apollonia

The first post-storm LiDAR survey conducted 8 days after the
storm (Fig. 4) recorded syn-storm erosion of basal notches along
~90% of the cliff length (up to 4 m above sea-level) that totaled
52 m3. In places 2–3 m deep basal notches were excavated (Fig. S4,
st1–3). The end of storm activity at this site was marked by deposition
of a massive 1.5-m-high berm of eolianite pebbles and cobbles at the
base of the entire cliff section and within the basal notches as well.
The post-storm beach stretch separating the cliff base from the
water line was effectively diminished to less than 2 m width. Post-
storm erosion up until 8 days after the storm occurred as a single
10-m-high 127 m3 rockfall (P1) at the center of the site. The next
post-storm LiDAR survey conducted on day 149 after the storm docu-
mented a single rockfall event (P2, 38 m3) at the south. The berm
deposited during the storm was largely removed during this time
period and the beach returned to its pre-storm width of ~5 m. The
next post-storm survey conducted on day 335 after the storm revealed
insignificant changes and overall cliff stability.

3.5. Herzlia

The first post-storm LiDAR survey conducted 38 days after the
storm (Fig. S5) revealed syn-storm erosion of 555 m3 from pre-
existing basal talus piles (b3 m high) and a single post-storm rockfall
event (P1; 155 m3). Two additional post-storm surveys were carried
out 203 and 329 days after the storm and revealed insignificant
changes and overall post-storm cliff stability.

3.6. Sharon Escarpment

79 discrete erosional scars associated with collapse events that
occurred during the 2010–2011 season were identified and mapped
along the Sharon Escarpment cliff face (Fig. 6; Table 2). The average
volume of these discrete erosional events together with those docu-
mented at the 5 LiDAR sites (Tables 1 and 2) was 126 ± 251 m3

and their total cliff-parallel length was less than 1 km, which is 3.3%
of the Sharon Escarpment length.

4. Discussion

4.1. Cliff erosion associated with the storm

Cliff erosion during the storm at each of the monitored sites was
consistently limited to the basal sections of the cliff and typically
resulted in over steepened/basal notch — overhanging cliff geometry
Figure 6. Cliff-face heights along the Sharon Escarpment (blue dots) and location and
volume of the discrete cliff-face erosion events mapped along the escarpment during
the study period (red diamonds).
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(Figs. 5 and 7). Our observations do not provide direct evidence for
distinguishing between the common forcing conditions for such sea-
cliff erosion, i.e., groundwater, precipitation and/or wave scouring
activity. However, the approximate sea-level elevation of the regional
groundwater table (Shalev et al., 2009), lack of perched aquifers, and
lack of groundwater discharge springs along the escarpment all suggest
insignificant contribution of groundwater activity to cliff erosion. Top-
down forcing of cliff erosion from precipitation also appears to be less
likely due to the concentration of syn-storm erosion solely along the
basal sections of the cliff. Thus, scouring driven by direct wave impact
remains as the most likely mechanism for erosion during the storm.
Wave scouring is also consistent with the distinct upper bound for
storm erosion at each of the LiDAR sites as well as the basal notch cliff
geometry carved in many places during the storm. In this context,
hydraulic fracturing and direct fracturing by wave impact have been
previously reported as effective rock-disintegrating mechanisms in
coastal environments (Collins and Sitar, 2008; Hansom et al., 2008).
Removal of material via wave action appears to also be the most likely
mechanism for the extensive talus erosion documented at the LiDAR
sites during the storm.

Post-storm erosion at the LiDAR sites started within 8 days after
the storm and continued to occur as discrete slope failure events
until 4 months after the storm (Fig. 4). The physical mechanisms
of these post-storm collapse events and the resulting slope failure
type varied with a marked dependence on local geology: rockfalls
governed post-storm cliff-face erosion at sites where the cliff consists
primarily of the Dor Eolianite (Olga S, Olga N, Apollonia and Herzlia).
Prominent cliff-parallel tension cracks observed within destabilized
Dor Eolianite cliff sections indicate that tensile failure was also likely
involved. It also appears that these large rockfalls may occur through
initial detachment of massive intact blocks, followed by disintegration
of the blocks into large boulders and talus material during the rock
slide event. Slumping, induced by basal instability initiated within the
clay-rich Nahsholim paleosol, characterized the more heterogeneous
cliff exposures displaying ‘layered’ geo-mechanical properties, such as
at Gaash (Fig. 7).

Regardless of collapse mechanism and exposed lithologies, we
find a correlation between post-storm up-cliff instability and basal
cliff-face erosion during the storm directly below (Table 1): 13 of
the 14 post-storm cliff collapses documented with the LiDAR data at
the five study sites were preceded by measurable basal storm erosion
of the cliff face directly below. This spatial correlation could not be
established for only one case, due to lack of pre-storm LiDAR data
for the small P1 collapse at Olga S (Fig. 5).

Extensive talus erosion (2785 m3; Table 1) through wave scouring
during the storm characterized significant cliff sections within the
monitored sites. Yet, the cliff itself above these sections did not expe-
rience erosion during the monitored period. Thus, as documented in
other retreating sea cliffs, basal talus piles in the Sharon Escarpment
appear to have a key role in sustaining transient cliff stability above,
as they effectively shield the cliff base from direct wave impact and
scouring during storms (Hapke and Richmond, 2002).

Our observations suggest that storm-driven erosion by waves at
the base of the cliff cause post-storm gravitational instability of the
cliff face above — an erosion sequence previously described for
other weakly cemented sea cliffs, such as England's coast (Quinn et al.,
2009; Brooks et al., 2012), California's pacific coast (Hampton, 2002;
Hapke and Richmond, 2002; Young et al., 2011), Japan (Kogure et al.,
2006; Kogure and Matsukura, 2010) and Italy (Budetta, 2011). Thus,
the LiDAR measurements presented herein provide quantitative
constraints for sea-cliff erosion sequences in which overhanging/
oversteepened/basal-notch cliff geometry formed during strong
storms potentially leads to a gravitationally unstable state that can
promote subsequent gravity-driven slope failures in the cliff face
above (e.g., Sunamura, 1982; Richards and Lorriman, 1987; Jones
et al., 1993; Hampton, 2002). Within the limits of the temporal
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Table 2
Summary of landslide volumes mapped along the Sharon Escarpment 218 days after the
storm (l, h and t are landslide's scar length, height and cliff-normal depth, respectively).

Locationa L h t Volumeb

(km) (m) (m) (m) (m3)

2.03 10 7 2 140
2.13 5 3 1.5 22.5
2.23 2
2.43 1
2.44 50 6 2 600
2.45 1
3.23 20 3 1 60
3.42 1
3.43 1
3.44 1
3.79 20 8 1 160
3.82 20 8 1 160
3.85 20 8 1 160
3.88 20 8 1 160
3.91 20 8 1 160
3.99 10 1 0.5 5
4.005 10 2 0.5 10
4.02 10 1 0.5 5
4.03 5 3 0.5 7.5
4.13 7 3 2 42
4.23 5 2 1 10
4.43 2
4.44 10 3 1 30
4.53 10 3 1 30
4.58 10 3 1 30
5.33 10 10 1 100
5.43 10 2 1 20
5.62 2
5.63 2
5.83 20 10 3 600
6.22 4 5 1 20
6.23 10 7 2 140
6.32 1
6.33 10 5 1.5 75
6.44 1
6.44 1
6.45 1
6.45 1
6.46 1
6.46 2
6.73 5 6 1 30
6.83 10 5 1 50
6.93 10 6 1 60
7.24 7 5 1 35
7.25 7 5 1 35
7.26 7 5 1 35
7.33 20 7 3 420
7.53 1
7.93 8 2 0.5 8
8.43 4
8.53 5 2 1 10
8.58 20 5 2 200
8.63 30 5 4 600
10.83 10 3 1.3 39
11.03 4
12.33 10 4 1 40
13.47 3
14.03 10
14.23 20 3 2 120
14.83 2
15.23 10 4 1 40
15.24 2
15.24 2
15.25 2
15.54 2
15.58 2
17.53 8 2 0.5 8
18.13 3 1 1 3
18.33 10 5 2 100
19.13 10 10 2 200
19.43 1 1 1 1
19.83 1 1 1 1
20.77 10 15 3 450
21.53 3 1 1 3

Table 2 (continued)

Locationa L h t Volumeb

(km) (m) (m) (m) (m3)

21.93 30 7 3 630
22.18 5 5 2 50
22.23 5 2 1 10
26.4 20 2 1 40
26.43 2 2 1 4
Total 6024

a Distance along the Sharon Escarpment (A–A′, shown in Fig. 2).
b Volumes are calculated from field measurements of landslide scar length, height

and estimated thickness. In cases of small landslides bulk volumes were estimated
directly.
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sampling intervals achieved with the LiDAR scans, storm-induced in-
stability at Olga N, Herzlia and Gaash appears to have ceased by days
33, 38 and 191 after the storm, respectively. At Olga S, which is the
best sampled site, post-storm activity persisted until day 119 after
the storm, with a notable activity peak between days 96 and 119
(Fig. 4). While no significant failure events were documented at
Olga S after day 119, open cracks in the upper cliff-face sections
Figure 7. Cross sections of cliff-face geometries representing the post-storm up-cliff
migration of cliff collapse in response to wave-driven basal erosion at Olga S (A) and
Ga'ash (B).
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Figure 8. Volume of the individual post-storm cliff-collapse events (y-axis) vs. the vol-
ume of syn-storm basal erosion directly below them (x-axis). All volumes are derived
from the LiDAR difference maps (Table 1). Closed symbols mark collapse events for
which both storm and post-storm volumes could be directly measured from the
LiDAR difference maps with uncertainty bounds of ±6%. Open symbols mark collapse
events for which wave-driven erosion was partially obscured by talus from the
post-storm collapse events. In these cases, the volume of storm erosion below the
post-storm collapse was estimated by extrapolation between syn-storm erosion exposed
and preserved on both sides of the post-storm talus. Uncertainty bounds for these extrap-
olated syn-storm volume estimates is ±20% (x-axis). The outlier in the bottom right
occurs within a large pre-storm talus pile at the Ga'ash site (Fig. S3), whereas all other
data points represent cliff-face erosion events.

Figure 9. Probability density of landslide volumes (P) as a function of landslide volume
(VL) for the 101 discrete erosion events documented along the Sharon Escarpment
during the 2010–2011 season. Uncertainties in volumes are ±6 and 50% for LiDAR
measured and field constrained erosion events, respectively. Double framed symbols
mark erosion events that occurred at local capes. Dashed lines mark the range of β
slopes previously determined for other gravity-driven slope-failures in natural inland
environments, i.e., −1.1 & −1.4 (Guzzetti et al., 2003; Malamud et al., 2004; Kanari,
2008; Brunetti et al., 2009).
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indicate that increased post-storm cliff instability persists at this site
even 1 year after the storm. Longer time scales for cliff response to
basal instability induced by the storm most-likely occur at the
Apollonia site, where minor post-storm cliff-face erosion was ob-
served although 2–3 m basal notches were carved during the storm.

Lack of additional ‘strong’ post-stormweather events suggests that
the peak in gravitational collapse events between days 96 and 119
may be attributed to either: 1) the effective time scale for up-cliff mi-
gration of gravitational instability induced by the overhang geometry
carved during the storm (Fig. 7), and/or 2) coincident soil moisture
saturation of the cliff section during the Mediterranean winter season.
We also find no relation between the timing of the slope-failure events
and their specific failure mechanism (e.g., rockfall/slumping). Thus, at
this stage, the physical parameters controlling the time scales of
post-storm cliff collapse remain less constrained and are the focus of
ongoing research.

Summed together, cliff-face basal erosion driven by direct wave
impact during the storm amounted to 1412 m3 at all the LiDAR
monitored sites. Post-storm gravitational cliff collapses that followed
amounted to 3229 m3. Thus, 70% of the total cliff-face erosion within
the LiDAR sites during the 2010–2011 season occurred as gravitational
response of the cliff to wave-cut basal instability. The LiDAR data also
reveal a positive correlation between the volumes of the individual
post-storm gravity-driven cliff collapses and the volumes of the syn-
storm basal cliff-face erosion that occurred directly below them
(Fig. 8). While this correlation is based on relatively few observations,
itmay provide a basis for predictive relations between syn-stormerosion
and subsequent slope-failure volumes in appropriate environments.

4.2. Erosion characteristics of the Sharon Escarpment

Process-oriented approaches to coastal-cliff retreat typically con-
sider two primary modes of erosion (e.g., Dong and Guzzetti, 2005):
1) gradual ‘grain-by-grain’ cliff-face erosion driven through a suite
of eolian and aqueous processes, and 2) cliff-face erosion by discrete
slope failure events. At the LiDAR sites as well as along the entire
Sharon Escarpment, 2010–2011 erosional cliff-face scars are marked
by a “fresh” non-crusted field appearance that contrasts the darker
toned (brown) ‘crusted’ field appearance, which increases with time
along stable cliff sections. Volumetrically significant ‘grain-by-grain’
erosion would not allow for this observed correlation between the
degree of crusting on the cliff face and the duration of its stability.
Thus, it appears that that landwards retreat in the Sharon Escarpment
is primarily driven by the latter mode of erosion, namely discrete
slope-failure events.

A total of 101 discrete cliff-face erosional scars associated with the
2010–2011 season occur along the 30-km length of the Sharon
Escarpment (LiDAR sites andfield transect, Tables 1 and 2, respectively).
The size–frequency distribution of erosion associatedwith these scars in
log-log space is close to linear with a scaling exponent of β = −1.02
(Fig. 9). This β value is comparable to that found in other gravity-
driven slope failures triggered by either earthquakes or rainfall in natu-
ral inland environments (β = −1.1 to−1.4; e.g., Guzzetti et al., 2003;
Malamud et al., 2004; Kanari, 2008; Brunetti et al., 2009) and in scaled
sandbox experiments (β = −1.1; Katz and Aharonov, 2006). The sim-
ilarity in size–frequency distribution suggests that like slope failures in
other gravitationally unstable environments, sea-cliff erosion along
the Sharon Escarpment during the 2010–2011 season can be effectively
regarded as a gravitationally driven process in geologically weak
material.

4.3. The role of strong storms in the longer-term evolution of the
escarpment

Previously determined cliff retreat rates along the Sharon Escarpment,
which have been locally constrained at up to decadal time scales, range
rg/10.1016/j.yqres.2013.04.004 Published online by Cambridge University Press
between 0.1 and 0.5 m/yr (Zviely and Klein, 2004 and references there-
in). Extrapolation of such retreat rates across the 30-km-length of the
Sharon Escarpment (average cliff height of 18 m, i.e., cliff-face area of
540,000 m2) would translate to annually averaged cliff-scale erosion
volumes of 54,000–270,000 m3/yr. These averaged annual erosion
volumes are up to an order of magnitude higher than the total
12,200 ± 3300 m3 of cliff-face erosion measured along the entire es-
carpment during the December 2010 storm and the year that followed.
This discrepancy between implied and measured cliff-scale annual ero-
sion volumes may be associated in part with the simplified extrapola-
tion of locally constrained retreat rates to the entire cliff line, which
can result in overestimation of cliff-scale erosion rates (e.g., Quinn et
al., 2009). And yet, our results suggest that in addition to being limited
to less than 4% of the escarpment length, the erosional effects of the
December 2010 storm are also limited by volume compared to the
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average annual cliff-scale erosion volumes of the Sharon Escarpment
estimated from previously published retreat rates. Similar conclusions
regarding the non-exceptional role of individual strong events have
beenpreviously suggested in otherweakly lithified coastal cliff environ-
ments: e.g., the till-dominated UK coasts (Quinn et al., 2009; Brooks and
Spencer, 2010) and in Pont Loma, southern California (Young et al.,
2011).

In contrast to the apparently non-exceptional cliff-scale erosion vol-
ume of the December 2010 storm, we identify a unique spatial ‘finger-
print’ in the spatial distribution of erosional activity associated with
the storm. Capes, which compose up to 10% of the Sharon Escarpment
length, accommodated 40% of the 2010–2011 slope-failure events
larger than 500 m3 and 33% of the total cliff-face erosional volume doc-
umented (Fig. 9). Assuming that this observed spatial pattern of ero-
sional activity is characteristic of strong storms, we suggest that such
storms may have a key role in impeding the development of cape–
embayment cliff-line geometry and in maintaining cliff-scale linearity
along the Sharon Escarpment.

The observed spatial pattern of erosion associatedwith theDecember
2010 storm and the year that followed could conceivably be associated
with the partly submerged boulder fronts that typically occur about the
capes as effective wave breakers (Fig. 3). Cliff-base shielding from direct
wave impact during ‘regular’ storms by these m-high boulder fronts is
likely reduced during strong storms with exceptionally high waves.
And thus, we postulate that ‘regular’ storms may be driving erosion
and retreat along exposed cliff sections void of such natural wave brea-
kers, and that only ‘strong’ storms (e.g., the December 2010 storm) are
capable of triggering cliff erosion along shielded cliff sections such as
capes.

4.4. Broader implications

The erosion process of weakly lithified sea cliffs through discrete
gravity-driven slope failure events is composed of three distinguish-
able and sequential erosion ‘types’ (Wiseman et al., 1981): Type 1 is
‘Triggering’ activity, in which erosion of the basal parts of the cliff
face by direct wave impact (scouring) induces increased gravitational
instability in the cliff face above. Type 2 is ‘Primary Erosion’, in which
up-cliff migration of basal instability occurs in response to type 1 ero-
sion through discrete slope-failure events. Type 2 erosion results in
disintegrated material piled up at the cliff base as talus and/or boul-
ders. Type 3 is ‘Secondary Erosion’, in which pre-existing talus piles
are removed through wave scouring and the cliff base is re-exposed
to type 1 activity. Triggering, primary and secondary erosion comprised
12%, 57% and 31% of the total erosion associated with the December
2010 storm at the LiDAR monitored sites (Table 3).

These observations also relate to recently emerging predictive
hazard mitigation efforts in coastal cliff environments (e.g., Quinn et
al., 2009, 2010; Castedo et al., 2012) as they allow us to place quanti-
tative constraints on key spatial and temporal aspects of post-storm
erosional cliff activity. We identify a predictive association between
Table 3
Summary of syn-storm talus and cliff-base erosion and post-storm erosion at the five
LiDAR sites.

Olga N Olga S Ga'ash Apollonia Herzliya Total
(m3) (m3) (m3) (m3) (m3) (m3) %

Syn-storm talus
erosion

0 140 2090 0 555 2785 31

Syn-storm cliff base
erosion

–a 933 0 179 0 1102a 12

Post Storm erosion 1985 2176 721 63 155 5100 57
Total 1985 3249 2811 242 710 8997 100

a Field evidence indicates that significant cliff-face basal erosion occurred at this site.
However, lack of pre-storm LiDAR data at Olga N precludes robust quantitative estima-
tion of its volume. Thus, the total cliff-face basal erosion for all sites should be regarded
as a minimum bound.
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all catastrophic slope-failure events at the monitored sites and signif-
icant basal erosion that precedes and triggers them (Fig. 8). This trig-
gering wave-driven basal erosion is measurable by ground-based
LiDAR techniques. Post-storm slope-failure events in the Sharon
Escarpment continued to occur several months after the formation of
the basal instability that triggered them (Fig. 4). Destabilized cliff sec-
tions that remain at elevated risk of failure following significant basal
erosion at the Olga S and Apollonia sites indicate that longer time scales
for gravitational cliff response may also be involved. Recognizing that
the temporal aspect of post-storm gravitational cliff collapse remains
somewhat loosely constrained, we propose that post-storm sea-cliff
erosion along Israel's Mediterranean coast and in other similar eolianite
environments may be treated as a gravity-driven threshold problem in
geologically weak material.

5. Conclusions

Characterization of changes in sea-cliff morphology through high
resolution ground-based LiDAR campaigns allowed us to derive quanti-
tative insights into the primary mechanisms that govern erosion and
inland retreat of Israel's Mediterranean weakly cemented eolianite
cliff line during a strong winter storm with up to 12–14 m waves
(10–20 years recurrence interval) and the year that followed. In a
more general sense, this study effectively documented an instantaneous
perturbation in cliff stability induced by the storm, peak post-storm cliff
erosion, and subsequent relaxation of the system down to transient
stability.

We identified two phases of cliff-face erosion associated with the
storm: 1) Basal scouring of the cliff face through direct wave impact
during the storm resulting in formation of over steepened/overhanging
cliff-base geometry, and 2) subsequent post-storm gravitational re-
sponse of the upper cliff face above to the basal instability formed dur-
ing the storm. Post-storm slope-failure events persisted up 4 months
after the storm and amounted to 70% of the total cliff-face erosion vol-
ume documented during the study period. A predictive association
was identified between post-storm catastrophic cliff-failure events
and measurable wave-driven basal scouring of the cliff face directly
below. Our results support the view of post-storm sea-cliff erosion in
such similar coastal environments as a gravity-drivenprocess in geolog-
ically weak material. Cliff-face erosion along the entire 30-km-long
Sharon Escarpment during the storm and the year that followed
amounted to 12,200 ± 3300 m3 and was locally significant with up to
8 m of catastrophic cliff-normal retreat recorded in places. However,
less than 4% of the escarpment length was affected by this storm-
related erosion, which appears to be also limited by volume compared
to average cliff-scale volumetric erosion rate of the Sharon Escarpment
implied frompreviously published decadal-scale retreat rates. Thus, our
results do not support a direct straight-forward causal association
between strong storm events and exceptional escarpment-scale retreat.
Nonetheless, the preferential occurrence of storm-related erosion about
capes, suggests a possible role for such high-energy storms in buffering
the development of cape–embayment cliff-line geometry along the
Sharon Escarpment.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.yqres.2013.04.004.
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