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Abstract: Wave erosion has moved coastal cliffs and bluffs landward over the centuries. Now climate
change-induced sea-level rise (SLR) and the changes in wave action are accelerating coastline retreat
around the world. Documenting the erosion of cliffed coasts and projecting the rate of coastline retreat
under future SLR scenarios are more challenging than historical and future shoreline change studies
along low-lying sandy beaches. The objective of this research was to study coastal erosion of the West
Cliff Drive area in Santa Cruz along the Central California Coast and identify the challenges in coastline
change analysis. We investigated the geological history, geomorphic differences, and documented
cliff retreat to assess coastal erosion qualitatively. We also conducted a quantitative assessment of cliff
retreat through extracting and analyzing the coastline position at three different times (1953, 1975,
and 2018). The results showed that the total retreat of the West Cliff Drive coastline over 65 years
ranges from 0.3 to 32 m, and the maximum cliff retreat rate was 0.5 m/year. Geometric errors,
the complex profiles of coastal cliffs, and irregularities in the processes of coastal erosion, including
the undercutting of the base of the cliff and formation of caves, were some of the identified challenges
in documenting historical coastline retreat. These can each increase the uncertainty of calculated
retreat rates. Reducing the uncertainties in retreat rates is an essential initial step in projecting cliff and
bluff retreat under future SLR more accurately and in developing a practical adaptive management
plan to cope with the impacts of coastline change along this highly populated edge.

Keywords: coastline; cliff and bluff retreat; erosion rate; uncertainty; sea-level rise; adaptive management

1. Introduction

Many diverse natural forces and processes interact along the shoreline, making the coastline one
of the world’s most dynamic environments [1–3]. Waves, tides, wind, storms, rain, and runoff combine
to build up, wear down, and continually reshape the interface of land and sea [3–5]. Through the 20th
century, however, global sea-level rise, due in a large part to human-induced climate change [6–8],
contributed to increase both cliff and beach erosion [9,10]. Coastline (cliff and bluff) erosion (covered in
this study) is different from shoreline (beach) erosion and is defined as the actual landward retreat of
a cliff or bluff. While a number of older references indicate that cliffs occur along about 80% of the
world’s coasts [10–12], more recent work using a GIS-based global mapping analysis and a detailed
literature review suggest that coastal cliffs likely exist on about 52% of the global shoreline [13].
Cliff retreat is distinct from beach erosion in that it is not recoverable, at least within our lifetime, by
any natural processes [10]. The terms cliff and bluff are often used interchangeably [10,14], but in this
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study cliff refers to coastal landforms that consist of harder and more resistant rocks that stand higher
and steeper than bluffs, which are generally composed of weaker materials and stand at gentler slopes
(Figure 1) [10].
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Figure 1. (a,b): Coastal cliffs, (c,d): Coastal bluffs. Photos: © 2002-2015, California Coastal Records
Project [15].

The world’s coastlines will respond to global climate changes and the associated adjustment to
oceanographic forcing [16]. For cliffed coasts with limited beach development, there appears to be
a relationship between long-term cliff retreat and the rate of sea-level rise [17]. Satellite altimetry has
shown an average rise in global mean sea level (GMSL) of ∼3.4 mm/year since 1993 [10,18,19] and
this rate is increasing by about 0.08 mm annually, which implies that global mean sea level could
rise at least 65 ± 12 cm by 2100 compared with 2005 [20], enough to cause significant problems for
coastal cities around the planet [21]. However, more recent studies along California’s coastline indicate
the possibility of significantly higher sea levels by 2100, with levels at specific future dates highly
dependent on future global greenhouse gas emissions [22]. Future sea-level rise will increase the
frequency at which waves will attack the base of coastal cliffs and bluffs [23–28], and as a result, coastal
erosion will almost certainly be accelerated during the 21st century [23,27,29]. In addition, changes
in regional meteorological and climate patterns, including the frequency and intensity of El Niño
events, coupled with rising sea level, are predicted to result in increasing extremes in sea level [30] and
wave power [31]. Waves riding on these higher water levels will cause increased coastal erosion and
shoreline damage, more than that expected from sea-level rise alone [30]. Many major coastal cities
were developed in areas vulnerable to shoreline and/or coastal erosion [32]. With coastal populations
and associated economic assets continuing to increase [33], cliff, bluff top, and shoreline development
will be increasingly threatened by erosion and retreat [34]. This has led to an increased need for accurate
information on rates and trends of coastal recession [35] in order to respond and adapt to expected
future shoreline changes.
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In this study, we focused on California’s coast, which is experiencing well-documented sea-level
rise [22,36] and related coastal impacts including coastal erosion [10,30,37]. California’s coast reflects
a complex geological history and the interplay of tectonic or mountain building processes, geology,
climate, and the sea, and has always been identified with change [1,38]. At the close of the last ice
age 18,000 years ago, the coastline stood several to as far as 50 km offshore to the west [4]. As the
climate warmed, seawater expanded and ice melted. In response, sea level rose about 130 m and
advanced inland, moving the cliffs, bluffs, and beaches eastward. About 8000 years ago, the rate of
sea-level rise slowed from an average of about 11mm/year over the previous 10,000 years to less than
a millimeter per year. Over the past century or so, however, due primarily to anthropogenic global
warming, the global rate of sea-level rise has accelerated to about 3.4 mm/year (13.4 inches/century)
leading to an increase in rates of shoreline and coastline retreat.

The great majority (72% or about 1272 km) of California’s 1760 km coastline consists of actively
eroding sea cliffs and bluffs [4], and of the 1272 km cliffed coast—including the 5.8 km (3.6 mile) long
section of Santa Cruz coast covered in this paper—about 1040 km consists of low to moderate relief
cliffs and bluffs ranging in height from about 10 to 100 m, which are typically eroded into uplifted
marine terraces (Figure 2). Some cliff rocks are so hard and resistant, however, that photographs taken
of the coast 75 years ago look identical to those of today. Elsewhere, however, coastal bluff materials are
so soft and weak that the coast is being eroded at average rates of 2 m or more each year. These changes
are easily recognized when comparing historic ground photographs.
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Figure 2. Typical morphology of much of California coast with cliffs eroded into an uplifted marine
terrace (photo by Gary Griggs, 2006).

The coast of California is dominated by uplifted marine terraces fronted by low cliffs, but
also includes steep coastal mountains and areas of coastal lowlands, estuaries, and dunes [30].
The two sea-level rise related hazards of greatest concern to any oceanfront development along the
California coast, whether public or private, are (1) coastal cliff and bluff erosion (Figure 3a) and (2)
more frequent flooding of low-lying areas by storm waves and high tides (Figure 3b), followed in
time by permanent inundation [39]. California’s coastline is approaching a crisis point, which has
resulted from a combination of natural processes and cycles, combined with human intervention
and population growth [10]. California’s population and economic centers are concentrated along its
coast [40]. Although California’s 19 coastal counties (including San Francisco Bay) make up only 22%
of the state’s land mass, they account for 68% of its population [41], 80% of its wages, and 80% of its
GDP [42]. In addition, California’s coastal population is expected to continue to grow significantly
over the coming decades [43], which will only compound the erosion and flooding problems at the
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edge. A recent study [27], showed that for California, the world’s 5th largest economy, over $150 billion
in property, equating to more than 6% of the state’s GDP and 600,000 people, could be impacted by
coastal flooding by 2100.
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2. Study Area

The West Cliff Drive coastline, which has been selected as a case study in this paper, extends
5.8 km along the western edge of the city of Santa Cruz between Point Santa Cruz and Natural Bridges
State Beach on the central California coast (Figure 4). This section of the coastline is somewhat unique
in California in having a public street (West Cliff Drive) extending the entire 5.8 km (3.6 mile) length,
along with a pedestrian/bicycle path. This allows unobstructed views of this dramatic coast without
the presence of homes or other development on the top of bluff, which is more typical of many of the
state’s coastal communities. As a result, this road has been a popular area for residents and visitors
alike for well over a century.
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2.1. Geologic Setting

The striking features of California’s diverse landscape, the San Andreas Fault (which lies just
25 km east of the project area) and its associated earthquakes, the rugged coastal mountains, and the
uplifted marine terraces [36] and coastal cliffs that characterize much of the coastline, all have their
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origins in millions of years of large-scale tectonic processes that continue today [4]. The rocks exposed
along the coastline and in the sea cliffs provide evidence of this complex geological history and the
changes the landscape has undergone. Coastal cliffs along the state’s coast may consist of granitic,
volcanic, metamorphic, or sedimentary rocks.

The West Cliff Drive coastline consists of near vertical cliffs varying in height from about 6 to
12 m (20 to 40 feet), which form the outer edge of the lowest uplifted marine terrace along this coast
(Figure 5a). The lower bedrock portion of the seacliff consists of two different geologic units: The older,
harder, and more resistant Santa Cruz Mudstone of Miocene age (~5–7 million years old; Figure 5a)
and the younger and weaker Purisima Formation of Pliocene age (~3–5 million years old) (Figure 6).
The mudstone extends approximately 2100 m along the western section of the coastal area studied,
while the overlying Purisima Formation makes up the approximately 3700 m long eastern section.
The Purisima consists of interbedded mudstones, siltstones, and sandstones that are pervasively
jointed. It is the orientation of the joints sets that exerts a major control on the erosion of the bedrock
and the shape or morphology of the coastline (Figure 5b). The uppermost 2 to 4 m of the cliffs consist
of much younger (~100,000 year old) poorly consolidated, marine and non-marine terrace deposits,
primarily sand, gravel, and cobbles (Figure 6). The same processes that formed the coastal landscape
continue to act on it today, although at a nearly imperceptible rate. More noticeable, however, is the
rate of coastline erosion, as waves attack and undercut the emergent land and force the nearly vertical
bluffs to recede inland.
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Figure 6. This section of coastal bluff consists of three different geologic units: The Santa Cruz Mudstone,
the Purisima Formation, and the overlying unconsolidated terrace deposits, which erode differentially
and make selecting a bluff edge subjective.

2.2. Oceanographic Conditions

The central California coast experiences a mixed semi-diurnal tide with a maximum range of
about 2.5 m (8.2 feet), ranging from +2.0 to −0.50 m (+6.6 to −1.6 feet). During years with strong El
Niño events, however, water levels may be elevated as much as 30 cm above predicted water levels for
days [30,44], which brings large waves closer to the cliffs, and when coincident with high tides, often
produce failure of the bedrock, as well as erosion of the overlying and much more erodible terrace
deposits. Current wave conditions along West Cliff Drive were defined using historical data from the
Global Ocean Waves database [45] that covers the time period between 1948 and 2008. The offshore
wave data was propagated to the shore using the SWAN wave propagation model based on the models
developed for California with nearshore bathymetry information [46]. The wave propagation results
were used to reconstruct hourly time series of wave parameters (significant wave heights, Hs; and mean
periods), as described in Camus et al. [47], and calculate hourly wave energy at the 10 m depth contour
along West Cliff Drive. Prevailing winter storm waves approach this stretch of coastline dominantly
from the northwest and west and undergo little loss of energy through refraction as they approach the
coastline along West Cliff Drive. Significant wave heights of 1 to 2 m occur frequently in the winter
months (December through March). During major storms, however, wave heights may reach 4 m or
more. This is a high-energy coastline with occasional severe wave attack (Figure 7).
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Figure 7. Storm waves at high tide overtopping West Cliff Drive bluff (photos by Gary Griggs).

During the periods of largest waves and highest tides, waves are attacking essentially all of the
cliffs along this entire section of coast. About 600 m of the 5800 m long stretch of sea cliffs is buffered by
small pocket beaches, which come and go seasonally. These vary in length from about 30 to 300 m with
maximum widths of 25–50 m in the summer months. The beaches undergo strong seasonal fluctuations
in size in response to changing wave conditions, with sand levels dropping 2 m or more from summer
to winter months (Figure 8a,b).
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The mean and 25% and 75% percentiles of annual wave energy, and corresponding directions
were then calculated using the hourly time series. There is significant variation in a high percentile of
wave heights (95% percentile of significant wave height, Hs95) and wave energy intensity and direction
(Figure 9). Annual mean wave energy decreases from west to east and rotates slightly anticlockwise
(Figure 9a). Changes in wave energy (Figure 9b) are more marked than the differences in high-values
of wave heights (Figure 9c). This is because annual wave energy not only represents conditions of
a single storm, but, in addition, high wave conditions accrue proportionally more energy than calmer
sea states [31]. Therefore, wave power not only shows a significant spatial variation across West Cliff
as a result of wave propagation, but may also serve as an indicator of erosion potential of wave action
on the cliffs over cumulative periods of time.
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3. Materials and Methods

In this research we used both qualitative and quantitative assessments to analyze coastal cliff and
bluff retreat along the West Cliff Drive coast as a case study to identify the challenges of determining
historical erosion rates.

3.1. Qualitative Coastline Change Assessment

We conducted a qualitative assessment by reviewing literature and relevant documents on
California coastline erosion, in addition to investigating the geological history, cliff geomorphic
differences, sea-level rise, and related impacts on coastal erosion and history of coastline changes
throughout the study area.
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3.2. Quantitative Coastline Change Analysis

• Materials

We selected two historical sets of aerial photograph from 1953 and 1975 (scale = 1:10,000),
and satellite imagery (Google Earth) from 2018 (Figure 10). This gave us a significant span of time
to achieve useful results for extracting coastlines and comparing them to detect coastline change,
identifying cliff and bluff retreat, as well as measuring the erosion rates along this coast. We also used
a hill-shaded digital surface model (USGS, 2018), as well as historical ground and modern photos of
the area to digitize and adjust the selected reference line in each segment as accurately as possible.
GIS tools were used to perform coastline change detection.
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• Methods

Cliff and bluff retreat were analyzed through three main stages:

1. Defining the reference coastline: For digitizing the coastlines and being able to compare them in
order to measure coastal retreat, we defined the reference lines that were detectable on both the
aerial photographs and satellite imagery and that also could represent the cliff or bluff retreat
over the studied time span. Due to the diverse cliff and bluff profiles (Figure 11), three different
lines were defined and extracted from the vertical images: a. Cliff/bluff edge; b. the base of bluff;
and c. the base of cliff (Figure 12). Depending on data resolution and along different segments of
the coast, we selected the line that was the clearest and most detectable for extraction on both the
aerial photographs and satellite imagery to use in the analysis.

2. Geometric correction and extracting reference lines: In order to georeference the aerial photographs
and perform the nonsystematic geometric correction to reduce the distortion of both the aerial
and satellite imagery, we used 19 ground control points (GCPs) that were identified on the
two historical aerial photographs and the satellite imagery and collected their coordinates during
a field survey. To remove the spatial error (coastline positioning error) as much as possible,
we also performed a geometric correction on 31 different coastal segments (Figure 13) using
common features which were distinguishable on both aerial photographs and satellite imagery.
We then digitized the identified reference line of each segment independently.

3. Coastline change assessment: Analyzing extracted coastlines position led us to historical cliff or
bluff retreat rate measurements along West Cliff Drive and allowed us to evaluate the challenges
of widely used methods in coastline change studies.
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4. Results

4.1. Qualitative Coastline Change Assessment

• Geology

Erosion along the West Cliff Drive coastline typically occurs through a combination of wave
impact, weathering and abrasion of the bedrock, rainfall and terrestrial runoff to a lesser degree,
and also relatively infrequent seismic shaking during large earthquakes. Bedrock erosion along weaker
stratigraphic layers or joint sets leads to focused erosion and the frequent formation of undercuts,
arches, caves, and embayments that made this area an early attraction for residents and visitors.
The Santa Cruz Mudstone is more resistant to wave attack than the Purisima Formation and retreats at
slower rates overall. As described above, it is primarily the well-developed joint in the latter formation
that focuses erosion and typically leads to the failure of large joint-bounded blocks or the collapse of
arches and caves. The unconsolidated sandy terrace deposits are much less resistant to wave attack,
and it is during periods of large storm waves coincident with very high tides that waves overtop
the bedrock and attack and erode the weaker terrace deposits. It is this erosion that has historically
threatened and undermined sidewalks, West Cliff Drive, and also a historic lighthouse. Coastal erosion
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or cliff and bluff retreat in the study area, as along most of the California coast, is an episodic process
with most of the major cliff failures occurring during the simultaneous arrival of large storm waves
and elevated sea levels.

• Coastal Protection and Erosion

Efforts to stabilize or protect this stretch of shoreline from wave erosion began in 1926 and have
continued intermittently to the present. Concrete retaining walls along the upper bluff and rip-rap
revetments at the base of the cliff have been the dominant type of armor emplaced, although broken
slabs of old streets and sidewalks and stacked bags of concrete were also used in the early years in
attempts to halt or slow cliff retreat. Today of the 5800 m of coastline studied, about 2600 m or 44.8% has
been armored (Figure 13), with 91% of this armor consisting of rock revetments (Figure 14). While this
has served to reduce and halt erosion, it has completely changed the natural condition and appearance
of this stretch of coast. These large revetments have also covered large areas of sandy beach that are
now removed from public use. The local government agency (City of Santa Cruz Department of Public
Works) received emergency permits to install much of the rip-rap, but some of these permits were
never finalized with the permitting agency (California Coastal Commission). The Coastal Commission
has recently required that the city evaluate the coastal erosion and protection issues, public use, and
economics of this 5800 m stretch of coastline and develop a long-term management plan for the future.
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Figure 14. The placement of rip-rap over a 60 year period has reduced or eliminated bluff retreat along
about 50% of West Cliff Drive, thus complicating any measurements of natural rates of bluff retreat.

• Coastal Change from Historical Ground Photographs

As soon as cameras became widely available, residents, visitors, and commercial photographers
began to take pictures of the Santa Cruz coastline. The earliest dated photographs we have discovered
of this coast were taken 143 years ago (1876). Certain areas, the picturesque arches, sea stacks, and
distinct rock formations along West Cliff Drive, for example, were photographed frequently and
memorialized in hand-colored postcards and family albums. Over the subsequent years, as winter
storms have periodically battered the bluffs and beaches, and sea level has gradually risen, the coastline
has slowly retreated. Some areas have changed dramatically (Figures 15a–c and 16a,b), and others
have changed surprisingly little. The natural bridges, arches, and sea stacks that owe their origins to
wave attack of the weaker sandstones and mudstones have been destroyed by the same forces that
created them, with many fascinating and revealing photographs taken of these natural and unnatural
features along the way. While it is very difficult to get any quantitative measurements of cliff or bluff

retreat from old ground photographs, they do provide a clear record of the extent of change or retreat
that has taken place since the time the original photograph was taken. In many cases, and for most
people, a then and now set of photographs provides a more understandable record of coastal change
than a rate of retreat in cm/year [48].
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4.2. Quantitative Coastline Change Assessment

• Documenting Coastal Erosion from Vertical Aerial Photographs and Maps

The first aerial photographs were taken of the Santa Cruz coast in 1928 and were in stereo.
This is quite amazing as Charles Lindberg had just made the first solo flight across the Atlantic Ocean
the year before. These photographs were taken in order to study the route of a potential highway
between San Francisco and Santa Cruz and aerial photographs were the easiest way to accomplish
that. These images provide us with a photographic record extending back 90 years and can be used to
determine qualitative changes; because of the only moderate resolution and lack of features from which
to take measurements from, they are of limited value in quantitative assessment of historic cliff erosion.
Vertical stereo photos were then taken in subsequent years along the Santa Cruz coast, which became
quite regular beginning in the 1940s and extending to the present. Aerial photographs were taken
more often in later years as various state and federal agencies became interested in documenting the
landscape including forest cover, agriculture land use, coastal conditions, and development, highway
and railway routes, among other purposes. Until relatively recently, historical aerial photographs were
the most common sources for documenting or measuring rates of coastal change such as coastal bluff

and cliff retreat. This required first determining the scale of the photograph, and then finding locations
where the position of the cliff edge could be measured from some fixed feature (a road, building,
etc.) over time. There are multiple challenges involved in this approach, including: a. The scale and
resolution of the aerial photographs; b. the sharpness or ease of recognition of the cliff edge; c. the
presence of vegetation obscuring the cliff edge making measurements difficult or unreliable; d. the
lack of a reference point on older photographs to measure from; and e. the time period covered by
the photographs.

The older aerial photographs are usually not of as high resolution as recent photos and useful
reference features present in more recent images may well not have existed at the time the older
photographs were taken. Even though we have aerial photographs that extend back 90 years for the
Santa Cruz coast, using conventional methods (such as an optical comparator or loupe, for example)
for measurement is hindered by photograph resolution and appropriate features from which to take
repeated measurements.

• Documenting Coastal Erosion from Satellite Imagery and DEMs
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In recent decades, the availability of satellite imagery (Google Earth, for example) and Lidar
(Light Detection and Ranging) derived DEMs also provided high-resolution data sets for documenting
coastal cliff or bluff erosion. With the inclusion of a series of historical satellite photographs in Google
Earth, adjusted to precisely the same scale on the website, typically extending back into the early 1990s,
or in some cases back to the 1980s, and a built-in measuring tool, a user can determine the distance
from some landmark or feature to the cliff edge relatively easy on multiple images all of the same scale.
The same issues that can affect the reliability of cliff erosion measurements from historic hard copy
aerial photographs still exist, however, a landmark or feature that can be recognized on all images,
the resolution and scale of the images, and the clarity or ease of recognizing the cliff edge. In addition,
and this is an issue along the section of Santa Cruz coast covered in this study, there are many coastal
bluffs and cliffs where the feature designated as the bluff or cliff edge is somewhat subjective because of
the varying geomorphology, which is related to the differences in geologic materials (Figures 6 and 17).
This makes determining erosion rates difficult.
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Figure 17. A section of coastal bluff consisting of the overlying weaker terrace deposits that are mostly
vegetated, and the underlying Santa Cruz Mudstone that is being undercut. As in Figure 6, selecting
the edge of the bluff for comparative measurements is difficult and somewhat subjective.

In addition, applying the DEMs, as well as topographic maps to extract the indicator lines such
as the cliff edge are other approaches to conduct coastal change analysis. The lack of high-resolution
elevation data, and the differences in resolution, and scale of available elevation data, are the main
constraints to conducting a time-series analysis over a relatively long-period study and would increase
the uncertainties of cliff retreat rate retreat estimations.

Further complicating the measurement of changes in cliff or bluff edges is the armoring of this
coast, which has gone on for about 60 years (Figures 13 and 14), and depending upon when the
rip-rap was placed, this essentially brings erosion to a near halt for a number of years. As of 2019,
approximately 45% of the entire West Cliff Drive area had been armored.

• Documenting Coastal Erosion along West Cliff Drive as a Case Study

In addition to investigating the evolution of coastline change over time, we used both aerial
photographs and satellite imagery, as well as the hill-shaded DSM (USGS, 2018) to assess coastline
retreat along West Cliff Drive coast. The coastline was divided into 31 individual segments that were
evaluated independently (Figure 18). The results (Table 1 and Figures 19 and 20) showed the maximum
coastline retreat over the studied time span occurred in coastal segment number 16 (Figure 21),
where the retreat rate over 65 years ranged from 0.3 to 32 m (Figure 19), and the maximum retreat rate
was 0.5 m/year. (Figure 20).
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• A Review of Cliffed Coast Retreat Studies

A number of coastal researchers have endeavored to document historical coastal cliff retreat and
project future retreat along the coast of California including the Santa Cruz coastline over the years
from aerial photographs, satellite imagery, and DEM, with all of the inherent challenges involved.
Hapke and Reid [37] completed the most comprehensive assessment. They evaluated cliff retreat
using map and photographic data for more than 350 km of the California coast over a period of
approximately 70 years, as part of the US Geological Survey’s Assessment of Coastal Change Program.
They compared one historical cliff edge digitized from old maps dating from 1920–1930, with a recent
cliff edge interpreted from LIDAR topographic surveys from either 1998 or 2002. Long-term (~70 year)
rates of the retreat were calculated using differences in the locations of the two different cliff edges.
The average rate of coastal cliff retreat over this time period for the sections of California coast studied
was 0.3 +/− 0.2 m/year. The average amount of total cliff retreat over the 70 year period was 17.7 m.
Due to the regional scale of the area studied, however, the shoreline projections were not always
accurate, which affected the erosion rate determinations in specific areas. The book “Living with the
Changing California Coast” [1], includes cliff and bluff erosion rates where they were published or
available for a number of locations along the state’s coast. Moore et al. [49] utilized aerial photos
corrected through softcopy photogrammetry for a detailed study of cliff erosion rates for both Santa
Cruz and San Diego counties as part of a national FEMA (Federal Emergency Management Agency)
assessment of coastal erosion hazards. Unfortunately, that study did not include the West Cliff Drive
area. Griggs and Johnson [50] reported on cliff erosion rates along the Santa Cruz County coastline,
including a few measurements along West Cliff. Their rates were based on comparative measurements
from aerial photographs taken in 1940 and 1960, but were limited by the photograph issues discussed
above. Young et al. [51] detected 30 individual cliff edge failures and maximum landward retreats from
0.8 to 10 m along the 7.1 km of unprotected coastal cliffs near Point Loma in San Diego over a 5.5-year
period (2003–2009). In a recently published study, decadal-scale coastal cliff retreat in southern and
central California [52], cliff erosion was detected along 44% of the 595 km of shoreline evaluated, while
the remaining cliffs were relatively stable.

Revell et al. [53] evaluated potential future erosion hazards along the coast of California by 2100
under a 1.4 m sea-level rise scenario. For cliff-backed shorelines future potential erosion is projected to
average 33 m, with a maximum potential erosion distance of up to 400 m. Young et al. [54] studied
cliff and shoreline retreat considering sea-level rise in southern California, and based on their model’s
results, mean and maximum scenario cliff retreat over 100 years ranged from 4–87 and 21–179 m,
respectively. Barnard et al. in a study on coastal vulnerability [16], demonstrated that El Niño events
result in wave directional shifts, elevated wave energy, and severe coastal erosion for the Central
Pacific and California. Limber et al. [29] applied a multimodel ensemble to project time-averaged sea
cliff position of the 475 km long coastline of Southern California over multidecadal time scales and
large (> 50 km) spatial scales. Results showed that future retreat rates could increase relative to mean
historical rates by more than twofold for the higher SLR scenarios, causing an average total land loss
of 19–41 m by 2100.

5. Discussion

One of the most important types of information needed prior to initiating or approving coastal
human and natural communities’ protection plans, as well as any development along the coast, whether
private or public, are the long-term rate at which the cliffs or bluffs are eroding. The longer the period
of record covered by the aerial photographs or other data sources, the more representative will be the
erosion rate calculated. Additionally, in recent decades, the challenges of a continuing rise in sea level
at an accelerated rate, and changes in wave climate, which will affect the long-term cliff erosion or
retreat rates, have increased the demand for historical erosion rate data that can be used to project
future cliff and bluff positions in highly developed areas. Knowing where the edge of the coastal
bluff or cliff is likely to be over time is important for future planning. However, most coastal change
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studies conclude that there are always different levels of uncertainty in erosion rate measurements and
coastline retreat projection results. In this study, some of the identified challenges that could increase
the result uncertainties were:

(a) Extracting a constant and continuous coastline on both the aerial photographs and satellite
imagery. The combination of a complex cliffed coast profile (Figure 22), as well as diverse geology,
led to several lines which could be considered as the erosion (cliff retreat) indicator. We extracted
the line that was the most detectable on 31 individual studied coastal segments independently.

(b) In some areas the existing armor, as well as vegetation coverage made it impossible to extract the
coastline retreat indicator, the cliff edge, for example.

(c) The low-resolution of historical aerial photographs made it difficult to recognize and extract the
identified indicator line along several coastal segments.

d) Considering the data availability, we employed a nonsystematic geometric correction, however
it did not completely remove the geometric errors along the coastal segments and, as a result,
we did not measure the retreat of such areas.

(e) There were two other types of coastal erosion that were not detectable on vertical aerial and
satellite images including undercuts and sea caves (Figure 23).

(f) The scale of the study could directly affect the accuracy of coastline change analysis. In this study,
examining quantitative coastline retreat along a relatively short section of coast enabled us to use
the ground photographs of the study area to adjust the modern coastline we had extracted from
satellite imagery.
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Appropriately addressing the identified challenges in coastal cliff erosion studies (both qualitative
and quantitative assessments) could reduce the uncertainty of the historical erosion rate measurements
(cliff or bluff retreat) and, as a result, would improve the future bluff or cliff retreat projections. Erosion
models include substantial uncertainty, not only derived from the definition of future sea levels and
waves but also from the estimates of historical coastline retreat rates. Cliff erosion brings even more
complexity and uncertainty given the interaction of the coastal geology with sea levels and waves,
which produce different coastal sections with collapsing and eroding modes. Therefore, coastline
change models should be contrasted with historical rates from remote sensing and historical imagery
as a ground truth and expected erosion potential. While this approach may not provide quantitative
definition of the future coastline, it is adequate to identify the historical impacts, delineate erosion
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hotspots, and establish priorities for management, today and in the foreseeable future, both from
regular oceanographic conditions and episodic cycles such as El Niño.
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6. Conclusions

As sea level continues to rise at an accelerated rate, the intensive development and infrastructure
along California’s coastline is under an increasing threat. Whether construction on coastal bluffs or
cliffs, or along low-lying shoreline areas, higher sea levels combined with storm waves and high tides
will lead to increased rates of cliff and bluff retreat and more frequent coastal flooding. Planning and
adapting to a new but uncertain coastline position is and will continue to be a major challenge for many
coastal communities. However, there are challenges and uncertainties in both accurately documenting
historic cliff and bluff retreat and in projecting these values into the future. There are significant
obstacles for developing and implementing future sea-level rise adaptation strategies, managed retreat
for example, along the coast, in particular cliffed coastal regions. Reducing or avoiding the problems
and concerns identified in this study in determining erosion rates as much as possible through using
the most reliable data sets and applying appropriate approaches is an essential process in developing
a roadmap for the future management of the area.

Coastal cliff retreat is the product of a complex interaction between the (1) intrinsic properties of
the cliff or bluff materials (lithology or rock type, internal rock weaknesses such as joint patterns, and
stratigraphic variations, for example) that combine to resist erosion, and (2) the extrinsic processes
(rock weathering, rainfall, wave energy, tidal range, storm frequency and intensity, and sea-level
rise, for example) that work to weaken the cliff materials and produce failure or erosion. While the
historic coastline data from ground and aerial photographs, maps, and satellite imagery can be used
with caution and experience to provide the most accurate measurements possible of past changes,
with the increase in sea-level rise rates and other aspects of climate change, conditions are shifting.
Implementing a detailed coastal monitoring program to document and track the present location
and condition of cliff and bluff edges, delineating armored and unarmored sections of coastline,
documenting rates of sea level change, and identifying erosion hazard zones will, over time, provide
a more robust foundation for future decision making.

Author Contributions: G.G., designed research; G.G., L.D., and B.G.R., performed research; G.G. and L.D., field
survey and data collection; G.G., L.D., B.G.R., writing, review, and editing.

Funding: This research received no external funding.

Acknowledgments: We would like to express our appreciation to Patrick Barnard for providing the scientific
advice, as well as logistic support, and Alexander Snyder for his help with our field survey to collect the GCPs
coordinate. Daniel Hoover for facilitating the field survey, Mark Fox and Jeff Nolan for their valuable contribution
to a brainstorming exercise on indicator coastlines.

Conflicts of Interest: The authors declare no conflict of interest.



Water 2019, 11, 2648 20 of 22

References

1. Griggs, G.B.; Patsch, K.; Savoy, L.E. Living with the Changing California Coast; University of California Press:
Berkeley, CA, USA, 2005; p. 340.

2. Bush, D.M.; Young, R. Coastal features and processes. In Geological Society of America; Young, R., Norby, L., Eds.;
Geological Monitoring: Boulder, CO, USA, 2009; pp. 47–67.

3. Short, A.D. Coastal Processes and Beaches. Nat. Educ. Knowl. 2012, 3, 15.
4. Griggs, G.B. Introduction to California’s Beaches and Coast; University of California Press: Berkeley, CA,

USA, 2010.
5. Paeniu, L.; Iese, V.; Des Combes, H.J.; De Ramon, N.A.; Korovulavula, I.; Koroi, A.; Sharma, P.; Hobgood, N.;

Chung, K.; Devi, A. Coastal Protection: Best Practices from the Pacific. Pacific Centre for Environment and
Sustainable Development; (PaCE-SD); The University of the South Pacific: Suva, Fiji, 2015.

6. IPCC. Summary for Policymakers. In Climate Change 2013: The Physical Science Basis. Contribution of Working
Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Stocker, T.F., Qin, D.,
Plattner, G.-K., Tignor, M., Allen, S.K., Boschung, J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M., Eds.; Cambridge
University Press: Cambridge, UK; New York, NY, USA, 2013.

7. NOAA. Is Sea Level Rising? National Ocean Service Website. Available online: https://oceanservice.noaa.
gov/facts/sealevel.html (accessed on 30 July 2019).

8. Church, J.A.; White, N.J. Sea-Level Rise from the Late 19th to the Early 21st Century. Surv. Geophys 2011, 32,
585–602. [CrossRef]

9. Nicholls, R.J.; Wong, P.P.; Burkett, V.R.; Codignotto, J.; Hay, J.; McLean, R.; Ragoonaden, S.; Woodroffe, C.D.
Coastal systems and low-lying areas in Parry. In Climate Change 2007: Impacts, Adaptation and Vulnerability.
Contribution of Working Group II to the Fourth Assessment Report of the Intergovernmental Panel on Climate
Change; Canziani, M.L., Palutikof, O.F., van der Linden, J.P., Hanson, C.E., Eds.; Cambridge University Press:
Cambridge, UK, 2007; pp. 315–356.

10. Griggs, G. Coast in Crisis, A Global Challenge; University of California Press: Berkeley, CA, USA, 2017; p. 243.
11. Emery, K.O.; Kuhn, G.G. Sea cliffs: Their processes, profiles, and classification. Geol. Soc. Am. Bull. 1982, 93,

644–654. [CrossRef]
12. Naylor, L.A.; Stephenson, W.J.; Trenhaile, A.S. Rock coast geomorphology: Recent advances and future

research directions. Geomorphology 2010, 114, 3–11. [CrossRef]
13. Young, A.P.; Carilli, J.E. Global distribution of coastal cliffs. Earth Surf. Process. Landf. 2018. [CrossRef]
14. US Geological Survey (USGS). Formation, Evolution, and Stability of coastal Cliff—Status and Trends; Montly, A.,

Hampton, G., Griggs, G.B., Eds.; USGS: Reston, VA, USA, 2004. Available online: http://pubs.usgs.gov/pp/

pp1693 (accessed on 15 December 2019).
15. Adelman, K.; Adelman, G. California Coastal Records Project. Available online: http://www.californiacoastline.

org (accessed on 30 June 2019).
16. Barnard, P.L.; Short, A.D.; Harley, M.D.; Splinter, K.D.; Vitousek, S.; Turner, I.L.; Allan, J.; Banno, M.;

Bryan, K.R.; Doria, A.; et al. Coastal vulnerability across the Pacific dominated by El Niño/Southern
Oscillation. Nat. Geosci. 2015, 8, 801–807. [CrossRef]

17. Walkden, M.; Dickson, M. The Response of Soft Rock Shore Profiles to Increased Sea-Level Rise; Working Paper;
Tyndall Centre for Climate Change Research: Norwich, UK, 2006; Volume 105, p. 22.

18. Nerem, R.S.; Chambers, D.P.; Choe, C.; Mitchum, G.T. Estimating Mean Sea Level Change from the TOPEX
and Jason Altimeter Missions. Mar. Geod. 2010, 33, 435–446. [CrossRef]

19. IPCC. Climate Change 2014: Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment
Report of the Intergovernmental Panel on Climate Change; Pachauri, R.K., Meyer, L.A., Eds.; IPCC: Geneva,
Switzerland, 2014; p. 151.

20. Nerem, R.S.; Beckley, B.D.; Fasullo, J.T.; Hamlington, B.D.; Masters, D.; Mitchum, G.T. Climate-change–driven
accelerated sea-level rise detected in the altimeter era. Proc. Natl. Acad. Sci. USA 2018, 115, 2022–2025.
[CrossRef]

21. NASA. New Study Finds Sea Level Rise Accelerating. By Katie Weeman and Patrick Lynch. 2018. Available
online: https://climate.nasa.gov/news/2680/new-study-finds-sea-level-rise-accelerating/ (accessed on 1
September 2019).

https://oceanservice.noaa.gov/facts/sealevel.html
https://oceanservice.noaa.gov/facts/sealevel.html
http://dx.doi.org/10.1007/s10712-011-9119-1
http://dx.doi.org/10.1130/0016-7606(1982)93&lt;644:SCTPPA&gt;2.0.CO;2
http://dx.doi.org/10.1016/j.geomorph.2009.02.004
http://dx.doi.org/10.1002/esp.4574
http://pubs.usgs.gov/pp/pp1693
http://pubs.usgs.gov/pp/pp1693
http://www.californiacoastline.org
http://www.californiacoastline.org
http://dx.doi.org/10.1038/ngeo2539
http://dx.doi.org/10.1080/01490419.2010.491031
http://dx.doi.org/10.1073/pnas.1717312115
https://climate.nasa.gov/news/2680/new-study-finds-sea-level-rise-accelerating/


Water 2019, 11, 2648 21 of 22

22. Griggs, G.; Cayan, D.; Tebaldi, C.; Fricker, H.A.; Arvai, J.; DeConto, R.; Kopp, R.E.; Whiteman, E.A. California
Ocean Science Protection Council Advisory Team Working Group. Rising Seas in California: An Update on Sea-Level
Rise Science; California Ocean Sciences Trust: Oakland, CA, USA, 2017; p. 71.

23. Stephens, S.A.; Bell, R.G.; Lawrence, J. Applying Principles of Uncertainty within Coastal Hazard Assessments
to Better Support Coastal Adaptation. J. Mar. Sci. Eng 2017, 5, 40. [CrossRef]

24. U.S. Global Change Research Program. Climate Change Impacts in the United States: The Third National Climate
Assessment; Melillo, J., Richmond, T., Gary, Y., Eds.; U.S. Global Change Research Program: Washington, DC,
USA, 2014; p. 841. [CrossRef]

25. Nicholls, R.J. Planning for the impacts of sea level rise. Oceanography 2011, 24, 144–157. [CrossRef]
26. Vitousek, S.; Barnard, P.L.; Fletcher, C.H.; Frazer, N.; Erikson, L.; Storlazzi, C.D. Doubling of coastal flooding

frequency within decades due to sea-level rise. Sci. Rep. 2017, 7, 1–9. [CrossRef] [PubMed]
27. Barnard, P.; Erikson, H.; Foxgrover, L.; Amy, A.; Finzi, H.; Limber, J.; Patrick, C.; O’Neill, A.; van Ormondt, M.;

Vitousek, S.; et al. Dynamic flood modeling essential to assess the coastal impacts of climate change. Sci. Rep.
2019, 9. [CrossRef] [PubMed]

28. Limber, P.W.; Barnard, P.L.; Vitousek, S.; Erikson, L.H. A Model Ensemble for Projecting Multidecadal Coastal
Cliff Retreat during the 21st Century. JGR: Earth Surf. 2018, 123, 1566–1589. [CrossRef]

29. Orton, P.S.; Vinogradov, N.; Georgas, A.; Blumberg, N.; Lin, V.; Gornitz, C.; Little, K. Horton, J.R. New York
City Panel on Climate Change 2015 Report: Dynamic coastal flood modeling. Ann. N. Y. Acad. Sci. 2015,
1336, 56–66. [CrossRef]

30. National Research Council. Sea-Level Rise for the Coasts of California, Oregon, and Washington: Past, Present,
and Future; The National Academies Press: Washington, DC, USA, 2012. [CrossRef]

31. Reguero, B.G.; Losada, I.J.; Méndez, F.J. A recent increase in global wave power as a consequence of oceanic
warming. Nat. Commun. 2019, 10, 205. [CrossRef]

32. Wong, P.P.; Losada, J.; Gattuso, J.P.; Hinkel, J.; Khattabi, A.; McInnes, K.L.; Saito, Y.; Sallenger, A. Coastal
systems and low-lying areas. In Climate Change 2014: Impacts, Adaptation, and Vulnerability. Part A: Global
and Sectoral Aspects. Contribution of Working Group II to the Fifth Assessment Report of the Intergovernmental
Panel on Climate Change; Field, C.B., Barros, D.J., Dokken, K.J., Mach, M.D., Mastrandrea, T.E., Bilir, M.,
Chatterjee, K.L., Ebi, Y.O., Estrada, R.C., Genova, B., et al., Eds.; Cambridge University Press: Cambridge,
UK; New York, NY, USA, 2014; pp. 361–409.

33. UNISDR. Words into Action Guidelines: National Disaster Risk Assessment; The United Nations Office for
Disaster Risk Reduction: Geneva, Switzerland, 2017; p. 303.

34. Neumann, B.; Vafeidis, A.T.; Zimmermann, J.; Nicholls, R.J. Future Coastal Population Growth and Exposure
to Sea-Level Rise and Coastal Flooding—A Global Assessment. PLoS ONE 2015, 10, e0118571. [CrossRef]

35. Griggs, G.B.; Kinsman, N. Beach Widths, Cliff Slopes, and Artificial Nourishment Along the California Coast. Shore
& Beach; ASBPA: Raleigh, NC, USA, 2016; Volume 84.

36. Muhs, D.R.; Simmons, K.R.; Kennedy, G.L.; Rockwell, T.K. The last interglacial period on the Pacific Coast of
North America: Timing and paleoclimate. GSA Bull. 2002, 114, 569–592. [CrossRef]

37. Hapke, C.J.; Reid, D. National Assessment of Shoreline Change, Part 4: Historical Coastal Cliff Retreat Along
the CA Coast; Report 2007; USGS: Reston, VA, USA, 2007.

38. Griggs, G.B.; Deepika, S.R. California Coast from the Air: Images of Changing Landscape; Mountain Press
Publishing Company: Missoula, MO, USA, 2014; p. 167.

39. Griggs, G.B. Between Paradise and Peril: The Natural Disaster History of the Monterey Bay Region; Monterey Bay
Press: Monterey, CA, USA, 2018; p. 198.

40. National Oceanic and Atmospheric Administration (NOAA). Report on the National Significance of California’s
Ocean Economy; NOAA Office for Coastal Management: Silver Spring, MD, USA, 2015; p. 39.

41. U.S. Census Bureau (Census). Census 2010 Summary File 1, Geographic Header Record G001. 2010. Available
online: https://factfinder.census.gov/faces/tableservices/jsf/pages/productview.xhtml?src=bkmk (accessed on
15 December 2019).

42. National Ocean Economics Program (NOEP). National Ocean Economics Program Coastal Economy Data.
2015. Available online: http://www.oceaneconomics.org/Market/coastal/coastalEcon.asp?IC=N (accessed on
2 March 2015).

43. Loughney, M.M.; Melius, M.R. Managing Coastal Armoring and Climate Change Adaptation in the 21st Century.
Law & Policy Program, Environment and Natural Resources; Stanford Law School: Stanford, CA, USA, 2015.

http://dx.doi.org/10.3390/jmse5030040
http://dx.doi.org/10.7930/J0Z31WJ2
http://dx.doi.org/10.5670/oceanog.2011.34
http://dx.doi.org/10.1038/s41598-017-01362-7
http://www.ncbi.nlm.nih.gov/pubmed/28522843
http://dx.doi.org/10.1038/s41598-019-40742-z
http://www.ncbi.nlm.nih.gov/pubmed/30867474
http://dx.doi.org/10.1029/2017JF004401
http://dx.doi.org/10.1111/nyas.12589
http://dx.doi.org/10.17226/13389
http://dx.doi.org/10.1038/s41467-018-08066-0
http://dx.doi.org/10.1371/journal.pone.0118571
http://dx.doi.org/10.1130/0016-7606(2002)114&lt;0569:TLIPOT&gt;2.0.CO;2
https://factfinder.census.gov/faces/tableservices/jsf/pages/productview.xhtml?src=bkmk
http://www.oceaneconomics.org/Market/coastal/coastalEcon.asp?IC=N


Water 2019, 11, 2648 22 of 22

44. Barnard, P.L. Extreme Oceanographic Forcing and Coastal Response due to the 2015–2016 El Niño.
Nat. Commun. 2016. [CrossRef]

45. Reguero, B.G.; Menéndez, M.; Méndez, F.J.; Mínguez, R.; Losada, I.J. A Global Ocean Wave (GOW) calibrated
reanalysis from 1948 onwards. Coast. Eng. 2012, 65, 38–55. [CrossRef]

46. Erikson, L.; Storlazzi, H.; Curt, D.; Golden, N.E. Modeling Wave and Seabed Energetics on the California
Continental Shelf ; USGS: Reston, VA, USA, 2014. [CrossRef]

47. Camus, P.; Fernando, J.; Mendez, R.M. A hybrid efficient method to downscale wave climate to coastal areas.
Coast. Eng. 2011, 58, 851–862. [CrossRef]

48. Griggs, G.B.; Deepika, S.R. Then and Now: Santa Cruz Coast; Arcadia Publishing: Mount Pleasant, SC,
USA, 2006; p. 97.

49. Moore, L.J.; Benumof, B.K.; Griggs, G.B. Coastal erosion hazards in Santa Cruz and San Diego counties,
California. J. Coast. Res. 1998, 28, 121–139.

50. Griggs, G.B.; Johnson, R.F. Erosional processes and cliff retreat along the Northern Santa Cruz County
Coastline, California. Geology 1979, 32, 67–76.

51. Young, A.P.; Guza, R.T.; O’Reilly, W.C.; Flick, R.E.; Gutierrez, R. Short-term retreat statistics of a slowly
eroding coastal cliff. Nat. Hazards Earth Syst. Sci. 2011, 11, 205–217. [CrossRef]

52. Young, A.P. Decadal-scale coastal cliff retreat in southern and central California. Geomorphology 2018, 300,
164–175. [CrossRef]

53. Revell, D.L.; Battalio, R.; Spear, B.; Ruggiero, P.; Vandever, J. A methodology for predicting future coastal
hazards due to SLR on the California Coast. Clim. Chang. 2011, 109, 251–276. [CrossRef]

54. Young, A.P.; Flick, R.E.; O’Reilly, W.C.; Chadwick, D.B.; Crampton, W.C.; Helly, J.J. Estimating cliff retreat in
southern California considering sea level rise using a sand balance approach. Mar. Geol. 2014, 348, 15–26.
[CrossRef]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/ncomms14365
http://dx.doi.org/10.1016/j.coastaleng.2012.03.003
http://dx.doi.org/10.5066/F7125QNQ
http://dx.doi.org/10.1016/j.coastaleng.2011.05.007
http://dx.doi.org/10.5194/nhess-11-205-2011
http://dx.doi.org/10.1016/j.geomorph.2017.10.010
http://dx.doi.org/10.1007/s10584-011-0315-2
http://dx.doi.org/10.1016/j.margeo.2013.11.007
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Study Area 
	Geologic Setting 
	Oceanographic Conditions 

	Materials and Methods 
	Qualitative Coastline Change Assessment 
	Quantitative Coastline Change Analysis 

	Results 
	Qualitative Coastline Change Assessment 
	Quantitative Coastline Change Assessment 

	Discussion 
	Conclusions 
	References

