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Hazards threaten coastal communities and ecosystems over a wide range of
spatiotemporal scales. One of the most pressing concerns for coastal property owners,
decision makers, and researchers is the uncertain role that a changing climate will have
on the intensity and frequency of these hazards. The significant uncertainties associated
with both projected rates of global sea level rise (SLR) and the potential for continued
trends of increasing wave heights and changes to storm tracks has made the task of
incorporating the impacts of climate change into coastal vulnerability assessments
challenging.
Within this context of this uncertainty, we present a methodology to directly
incorporate the impacts of climate change and variability into coastal vulnerability
assessments via an integrated multi-scale, multi-hazard approach. Our quasi-probabilistic
technique integrates two coastal hazards (dune overtopping and coastal erosion) over a
time scales ranging from individual storm events to multidecadal trends influenced by a

variety of climate change scenarios. Since both SLR and changes in storminess have the
potential to exacerbate the extent of vulnerable stretches along a coast, these two climate
controlled factors are integrated into projections of local total water levels (wave runup
plus tides) to assess the relative strengths of their influence on flood and erosion hazards.
Despite underlying uncertainties associated with future climate conditions, coastal
decision makers need to begin planning for a changing climate now. Therefore, we use a
suite of recently published semi-empirical global SLR predictions to develop scenarios of
future conditions. The potential for continued changes in storminess is accounted for by
developing a range of wave climate scenarios based on decadal observations from
regional wave buoys. While this approach has been developed for dune backed coastlines
in general, discussed here is application of the technique to a 14 kilometer stretch of the
dynamic Northern Oregon coast along which significant coastal erosion and flood
hazards are currently perceived. By using simple models to predict the possibility of
coastal dune overtopping and the extent of coastal erosion from storm events we can
quantitatively assess the relative influence of climate change trends based on projections
at various future planning horizons.
Incorporation of these future hazard probabilities into the development of coastal
hazard maps can provide science-based support to allow prioritization of resource
allocation to best prepare coastal communities, fragile ecosystems, and jeopardized
infrastructure which are likely to experience accelerated vulnerability due to a changing
climate.
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1.0 Introduction
The coast is a dynamic environment, exhibiting trends of long-term
morphological evolution, with shorelines eroding in some areas while simultaneously
accreting seaward in others. Strong waves associated with powerful storms and high
winds also exert their influence on local geomorphology with the potential to cause
significant changes in a matter of hours. However, it is when permanent infrastructure
and property boundaries are established in these dynamic environments that these natural
processes rapidly become hazards.
Since Earth‘s variable and changing climate exerts a direct influence on the
physical processes driving coastal hazards, including rising sea levels and increased
storminess (e.g., Church and White, 2006; Ruggiero et al., 2010), the frequency and
magnitude of flooding and coastal change occurrences may worsen in the future.
However, large uncertainties in the underlying processes governing climate change have
challenged our ability to accurately predict these future conditions. Added to this
difficulty is our limited ability to understand the relative impact that a variable climate
will have on hazards such as dune overtopping and erosion. Despite this daunting task, it
is necessary for the prioritization of resource allocation and decision making required for
mitigation/adaptation strategies needed to prepare coastal communities and fragile
ecosystems, both of which are likely to experience the effects of accelerated hazard
frequency and magnitude due to a changing climate.

2
1.1 Approaches for Assessing Coastal Vulnerability
Prior to the recognition of the impacts imposed to coastal environments by a
changing climate, the concept of vulnerability was not a mainstream topic in coastal
research and management (Hinkel et al., 2007). Rather, coastal hazard studies were
typically conducted from within independent disciplines such as geologists studying
sedimentation patterns, ecologists examining the diversity of nearshore ecosystems, and
engineers assessing the probability of storm event damage to infrastructure (Hinkel, et al.,
2007). In 1990, the first assessment report released by the Intergovernmental Panel on
Climate Change (IPCC) contained projections of an approximate 1 m rise in global sea
levels by the end of the 21st century, which would, ―threaten coastal ecology…low-lying
urban areas and…change coastlines‖ (IPCC, 1990). The realization of the potential
magnitude of these climate forcings and the possible effects on coastal systems spurred
collaboration between the disciplines to begin developing methodologies to assess the
vulnerability of coastal margins (Hinkel et al., 2007).
Collaboration in the physical sciences also spurred interactions with economists
and social scientists in coastal vulnerability research. This joining of multi-disciplinary
researchers necessitated the development of a consistent and useful definition of the term
‗coastal vulnerability‘. Turner et al. (2003) define vulnerability as ―…the exposure,
sensitivity, and resilience of a community and its assets in relation to stressors, either
chronic or sudden,‖ a definition that reveals the complexity involved with studies of such
a far-reaching subject. Vulnerability studies often exhibit varying amounts of socioeconomic (O‘Brien at al., 2004) and geomorphological (Martinelli et al., 2010) emphasis
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as well as variability in the relative degree of quantitative and qualitative approaches. For
the purposes of this study, coastal vulnerability will be quantified from a purely physical
perspective based on a local geomorphological response to hydrodynamic forcing and the
effect of incorporating non-stationarity associated with climate trends. Although we do
not directly quantify the impact to social-environmental systems in the context of the
coastal hazards of dune overtopping and erosion (via socio-economic and landuse data),
we assume that the physical response of local geomorphological features serve as a proxy
for jeopardized communities and ecosystems located in the backshore.
At present, one of the most widely applied approaches for assessing physical
vulnerability to coastal hazards is based on the probability of backshore elevations being
exceeded by the one percent annual total water level magnitude (also known as the 100year flood). Since FEMA‘s National Flood Insurance Rate Maps are developed using
this technique, many communities apply it as the basis for developing coastal
management plans. However, the most recent Guidelines for Coastal Flood Hazard
Analysis and Mapping for the Pacific Coast of the United States (FEMA, 2005) indicate
that ―…the National Flood Insurance Program does not address long-term gradual
chronic erosion, but focuses on flood-related episodic erosion due to storm events.‖
Therefore, this approach, taken in isolation, is short-sighted since it does not address
long-term trends or the impacts of a variable climate, potentially leaving many
communities and ecosystems at risk.
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Another approach actively used to assess coastal vulnerability is the development
of hazard indices. One such approach is the U.S. Geological Survey‘s (USGS) Coastal
Vulnerability Index (CVI). The methodology used to develop the CVI involves
assignment of a qualitative ranking to a variety of physical parameters (e.g.
geomorphology, beach slope, relative sea level change, shoreline erosion/accretion, mean
tidal range, and mean wave height) that are ultimately combined to evaluate relative
vulnerability. The CVI assumes that various combinations of these parameters, related
by the square root of the geometric mean of all values occurring along the coast,
determine the relative susceptibility of a coastal area to seal level rise (Thieler, et al
2000a; Pendleton et al., 2005). Intended for vulnerability analysis at a regional scale, this
approach has been adapted and widely applied to coastlines throughout the world (i.e.
Boruff et al., 2009; Kumar et al., 2010; Diez et al., 2007).
The majority of existing literature on approaches for developing physical coastal
vulnerability assessments characterizes hazards on an individual basis. For example,
Ferreira et al., (2006) assess vulnerability by evaluating the hazard of shoreline change
only. In this work, evaluation of how shorelines evolve due to natural sediment budget
processes as well as how they respond to storm events aids the determination of set-back
lines, which are used in the development of coastal hazard zones and management
decision-making. Martinelli et al. (2010) examine dune overtopping in isolation by using
a combination of simple 1-dimensional models, which track the energy associated with
storms as they propagate onshore, and 2-dimensional models, that evaluate the
probability of backshore elevations being flooded. These examples, while useful in their
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application of methods for evaluating the vulnerability induced by shoreline retreat and
dune overtopping as isolated processes, may leave some communities and ecosystems
overly vulnerable because they do not take into account the combined effects of such
hazards.
Recent work has seen a shift toward a more integrated approach of evaluating
multiple coastal hazards simultaneously. For example, Jimenez et al. (2009) evaluate the
probability of both erosion and inundation caused by large storm events. By quantifying
storm intensities using a storm energy classification scale based on modeled and observed
data, they evaluate the spatial variability of erosion and inundation. A study by Mendoza
et al. (2008), from the same research group, furthers this work by recognizing that
vulnerability to erosion and dune overtopping are not always correlated, so they seek to
integrate their results to obtain a combined effect. In doing so, they qualitatively rank the
vulnerability induced by the hazards individually followed by a merging of their
individual components using simple addition of their individual rankings to obtain a
combined perspective of their effects to identify coastal areas most sensitive to storm
events. As the effects of climate change further impact coastal communities in the future,
these integrated approaches to vulnerability assessments, which strive to understand the
relative importance of multiple hazards occurring on various time scales, will become
critical for effective and sound management of the coast.
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1.2 Objectives
The overall goal of this study is to advance coastal vulnerability assessments by
incorporating the impacts of climate change and variability via an integrated multi-scale,
multi-hazard methodology. As illustrated in Figure 1, our approach conceptually
integrates two hazards (dune overtopping and coastal erosion) over multiple time scales
ranging from individual storm events to long-term (interannual to multidecadal) coastal
evolution. Integration across these time scales not only incorporates the combined
influence of trends in the processes influencing the two hazards, but also aids in multiple
forms of coastal management. For example, emergency managers require information to
assist in preparing for episodic events while coastal planners need to prepare for potential
vulnerabilities as these hazards evolve through time. By quantifying the hazards of dune
overtopping and coastal erosion at present and over a range of future time scales, we can
evaluate their sensitivity to a variety of climate change scenarios. Ultimately, the
physical vulnerability associated with each of the hazards will be combined via indexbased integration.
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Figure 1. Conceptual model of the integrated, probabilistic, multi-scale, multi-hazard
approach to assessing coastal vulnerability.
The overarching goal of this study is accomplished via completing the following four
objectives:
1.

Characterize both the present day physical forcing that drives coastal
hazards and the morphodynamic response of the coastal systems on which
the forcing acts;

2.

Develop a suite of credible climate change scenarios that incorporate the
uncertainty associated with projecting future sea level rise, storminess, and
major El Niño event magnitude and frequency;

3.

Apply the climate change scenarios to a series of simple linked physical
models that quantify coastal erosion and dune overtopping hazards; and

4.

Integrate multiple hazards over a range of time scales via an index-based
assessment.

In this thesis a quasi-probabilistic approach is presented for evaluating physical
coastal vulnerability, now and into the future, as governed by a changing and variable
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climate. First presented are the methodological details necessary to examine the effects
of dune overtopping and coastal erosion as well as the simple models used for hazard
quantification and integration. Second, the development of climate change scenarios is
discussed and their potential impacts on coastal vulnerability. Third, the proposed
methodology is applied to the Pacific Northwest, USA. Finally, limitations of the
approach and potential improvements via increased model complexity are discussed.
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2.0 Study area
2.1. The U.S. Pacific Northwest
Dominated by its active continental margin, the U.S. Pacific Northwest (PNW)
contains some of the most varying and dramatic coastlines in the United States.
Continuous, and alongshore variable vertical uplift of the land (up to 4 mm/year),
occurring due to the subduction of the oceanic Juan de Fuca plate beneath the continental
North American plate, exposes geomorphological features with complex compositions as
a product of an ocean-continent collision. Varying degrees of erosion resistance
associated with these geomorphic features create continuous stretches of beaches (often
backed by bluffs and dunes) susceptible to erosion broken into littoral cells by erosionresistant rocky headlands extending offshore into deep water (Komar et al. 1997). These
headlands limit the transfer of sediment between adjacent beaches, creating a sediment
composition and size dependence on local geomorphic features. The extent of these
littoral cells is governed by the distance between headlands, but generally spans several
hundred meters to tens of kilometers in length.
As this coast borders the full fetch of the North Pacific Ocean, it is exposed to
major extratropical storms with large winter wave heights and long periods. Based on
analyses of the National Data Buoy Center‘s (NDBC) offshore Oregon buoy (#46005),
the mean monthly deep-water significant wave height (SWH) is 1.6 m for July and 3.9 m
for December (Ruggiero et al., 2005). However, storms generate deep water SWHs of 10
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m on an annual basis with the strongest storm in the region generating wave heights as
much as 14 m (Allan et al., 2002; Allan et al., 2006; Ruggiero et al., 2010).
Tidal range and variability is of significant importance to dune overtopping and
erosion as particularly higher tides enhanced by El Niño Southern Oscillation cycles and
storm surges will ultimately increase the elevation of the runup at the shore. Pacific coast
tides are semi-diurnal (two high tides a day) and average 2 m in elevation with maximum
tidal excursions reaching ~4 m (Komar et al., 2010). The highest water levels occur
during the winter months (November through March), when the measured tidal elevations
are typically 0.1-0.3 m above the predicted astronomical tides (Komar et al., 2010). This
seasonal dependence is primarily attributed to the process of upwelling. Persisting
throughout the summer months, upwelling causes cold, dense water to come to the
surface. During the winter season, this process is replaced by downwelling, which
creates warmer, less dense water along the coast. Additionally, prevailing winter winds
produce a northward-flowing current, which turns right toward the coast due to the
Coriolis force, also contributing to higher sea levels during the winter (Komar et al.,
2010). This increase in winter water levels occurs simultaneously with the winter
increase in wave heights, dramatically increasing erosion and dune overtopping hazards,
and thereby, vulnerability of properties and infrastructure.
Superimposed on this large water level seasonal cycle of are effects associated
with alternating phases of El Niño and La Niña events due to the El Niño Southern
Oscillation (ENSO) cycle (Komar, 1999). Often associated with the El Niño phase of this

11
cycle are increased frequencies of storm events from the southwest, increased wave
heights and elevated water levels (e.g., Komar, 1986; Kaminsky et al., 1998; Allan et al.,
2006). The severity of these events was first recognized during the major 1982-1983
occurrence (Seymour et al., 1984) and the effects were repeated during the recent strong
El Niño in 1997-1998 when monthly mean water levels were up to 0.3 m higher than
average and monthly mean winter wave heights were up to 1.0 m higher than average
creating episodes of dune overtopping and erosion throughout the region (Allan et al.,
2002; Komar et al., 1998; Ruggiero et al., 2005; Revell et al., 2002).
Similar to most coastlines around the word, the PNW may also be significantly
impacted by the effects of a changing climate. It is recognized that Earth‘s variable
climate exerts a strong control on the oceanic processes that are important to coastal
erosion and dune overtopping, particularly sea level rise. Comparison of

emissions

with sea level rise shows a simultaneously acceleration following the industrial
revolution in the 19th century (IPCC, 1990). While globally, sea level for the 20th century
is estimated to have risen at approximately 1.7 mm/year (Church and White, 2006;
Holgate, 2004), the trends and rates of changing water levels vary regionally. The global
variability in these values is thought to be primarily attributed to regional variations in
local water temperatures and its thermal expansion (Cazenave and Llovel, 2010). In the
PNW, Burgette et al. (2009) estimate the regional sea level rise rate to have been
approximately 2.3 mm/year during the latter half of the 20th century. Tide gauge analysis
further reveals that relative sea level rise rates differ at a local scale due to varying rates
of tectonic uplift (e.g., Burgette et al., 2009, Komar et al., 2010). At present, the southern
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one third of the Oregon coast (south of Coos Bay, OR) is being uplifted at a higher rate
than the regional SLR, creating an emergent shoreline. However, uplift along of the
northern/central Oregon coastline is occurring at a rate slower than SLR, resulting in a
submergent coast. Further north, in the area around Cannon Beach through Astoria, the
coast again becomes emergent, causing a net decrease in relative sea level (Komar et al.,
2010). Although there is little quantitative information in the literature about uplift rates
in Washington, analysis of the Willapa Bay tide gauge reveals that the coastline is
submergent indicating another trend reversal (Komar et al., in press).
In addition to rising sea levels, recent studies have revealed a multidecadal trend
in progressively increasing winter wave heights along much of the U.S. West Coast
(Allan et al., 2000, 2006; Ruggiero et al., 2010). Average winter wave heights have been
shown to have increased by approximately 0.03 m/year since the initial deployment of
wave gauges in the region (mid 1970s). The severity of these increases in wave height
has a latitudinal dependence with the largest increase occurring off the coast of Oregon
and Washington (Allan et al., 2000, 2006). Analysis of the storm intensities by Graham
and Diaz (2001) confirms this finding through the use of hindcast wave data, sea level
pressure, and wind measurements. Their work also demonstrates that this increase may
extend back to as early as 1948 with the hypothesis of attribution due to the increased
ocean water temperatures in the western tropical Pacific. This change in ocean
temperature amplifies deep upper-tropospheric circulation, thereby potentially
contributing to midlatitude cyclone formation. This apparent influence on storms off the
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PNW intensified by changing ocean temperatures indicates a possible link with
anthropogenic induced climate change.
Despite the vulnerable setting of the PNW due to strong hydrodynamic forcing,
which may be further amplified under various future climate change scenarios, humans
are still drawn to this scenic region as a place to live, work, and play. Because not all
regions of the coast will be affected equally, quantitative vulnerability assessments are
essential in order to best project which of these coastal areas will be most susceptible to
an evolving climate. Due to the varied geologic and hydrodynamic setting, the first step
of the methodology proposed here is to divide the PNW into three sub-regions (Figure 2).
The northernmost region, ‗Southwest Washington‘, includes the entire Columbia River
littoral cell from Point Grenville, Washington to Tillamook Head, Oregon. Continuing
south, the ‗Northern Oregon‘ region stretches from Cannon Beach, OR to Florence, OR.
Finally, the ‗South-central Oregon‘ region extends from Florence to Bandon, OR. To
quantify ocean conditions, data from wave buoys and tide gauges were obtained for each
of the sub-regions (Figure 2). Although geomorphological features throughout the three
regions are highly variable, here, focus is directed solely on the hazard impacts to dunebacked regions of the shoreline.
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Figure 2. Division of vulnerability assessment at a regional scale. Also shown are buoy
and tide gauge locations utilized in each region. Due to its placement, 46005 provides
wave data for both the Southwest Washington and Northern Oregon regions.

Although the data available for this research is at a regional scale, vulnerability
analyses are often most useful for coastal managers and planners at a local level.
Therefore, the focus here will be limited to the Neskowin littoral cell, a stretch of coast in
the Northern Oregon region that currently experiences frequent episodes of both dune
overtopping and erosion hazards (Allan et al., 2009).
2.2 The Neskowin Littoral Cell
This 14 km stretch of beach, composed of medium-grained sand eroded from the
Coast Range, is bordered by the headlands of Cape Kiwanda to the north and Cascade
Head to the south (Figure 3). Located within Tillamook County, this littoral cell is lined
by two beach-front communities: Pacific City in the north and Neskowin in the south.
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Figure 3. Map showing the location of the Neskowin littoral cell.

Upon early establishment as resort communities, the principal hazard originally
facing residents was an overabundance of sand and dune growth threatening to inhibit
ocean home views (Komar, 1997). This trend of shoreline accretion was reversed
following the cumulative impacts from large storms associated with the 1997-1998 El
Niño occurrence, followed by the storms and high waves in the winter of 1998-1999
when wave heights reached a record maximum of 14 m (Allan et al., 2002). These back-
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to-back energetic years removed abnormally large amounts of sand from the beaches and
dunes by shifting it northward and offshore in the littoral cell, thereby narrowing the
beach width and leaving the coastal communities vulnerable to future storms. Analysis of
light detection and ranging (lidar) surveys conducted in 1997, 1998, and 2002 have
revealed an alongshore average of 18 m dune retreat with some areas experiencing as
much as 50 m (Allan et al., 2009). The beaches and dunes of the cell, which typically
have the capacity to rebuild during the summer months following large storms, have not
recovered to date. Studies have shown that it can take several years for all of the removed
sediment to be transported back onshore to the beach and dunes following such
anomalies. (Allan et al., 2000, 2006, 2009).
In response to the erosion since the late 1990s, many property owners within the
city of Neskowin began installing riprap to protect their homes and infrastructure. While
the process of coastal armoring is generally prohibited on the Oregon coast, Oregon‘s
1976 Beach Law states that structures built prior to 1976 have the right to protect their
property by means of hard engineering structures. As of 2010, approximately 18 percent
of the entire Neskowin littoral cell had received hard armored protection (Allan et al.,
2009) (Figure 4).
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Figure 4. Picture showing the placement of riprap to protect the town of Neskowin
following the large wave events of the late 1990‘s.
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3.0 Methodology
3.1. General approach for quantifying coastal hazards
The total water level (TWL) model (Ruggiero et al. 1996, 2001), governed by
hydrodynamic forcing conditions and the foreshore beach slope, is central to our
investigation of the importance of climate controls in influencing the probability of
coastal erosion and dune overtopping. This simple model is given as:
(1)
where MSL is the local mean sea level (which can be treated as either a constant tidal
datum or as a variable with an annual rate of change),

is the astronomical tide,

is

the non-tidal residual water level, and R is the vertical component of the wave runup
which includes both the wave setup (a super elevation of the water level due to wave
breaking) and swash oscillations around the wave setup.
A long-term hourly TWL time series was developed by simply adding the wave
induced component, R, to the hourly tide gage records, (MSL+ ηA +ηNTR ). Here we use
an extreme wave runup statistic, R2% (e.g., Holman, 1986), the two percent exceedance
value of wave runup maxima, since it is the highest swash events in a wave runup
distribution that are responsible for erosion and dune overtopping. Simple empirical
formulae have been developed for the application of this statistic based on knowledge of
waves, tides, and morphology. For example, Stockdon et al. (2006) combined data from
10 nearshore field experiments and derived an expression for R2% applicable to natural
beaches over a wide range of morphodynamic conditions. Their relationship is:
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(2)

where

is the backshore beach slope,

is the offshore deep-water wave height,

(2 length, given by linear theory as (g/2 )
the offshore wave
)
of gravity, and is the peak wave period.

is

where g is the acceleration

Comparisons of these calculated TWLs to various backshore elevations can be
utilized to examine for the probability of dune erosion as analyzed by Ruggiero et al.
(1996, 2001), or in a similar manner for dune overtopping as with the storm impact scale
developed by Sallenger (2000). Since it is often the largest storms which determine the
vulnerability of a region, we also calculate statistically extreme TWLs using the peakover-threshold (POT) approach of generalized extreme value (GEV) theory. In using this
POT approach, a high threshold for the TWL is chosen in which the statistical properties
of all values exceeding this threshold are analyzed. Assuming that the number of
exceedances follows a Poisson distribution, allows us to utilize the Generalized Pareto
Distribution (GPD)-Poisson model given by:
(3)

where

is a location parameter, is a scale parameter,

return period for the event,

is a shape parameter,

is the number of observations per year and

is the

is the

probability of an individual observation exceeding the threshold, , and estimate extreme
values for a specified return period,

. For our analysis, we estimate the annual (having
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a 100% probability of occurring in a given year) and the 100-year TWL event (having a
1% probability of occurring in a given year). This allows for consideration of the effects
from storms expected to occur just about once a year as well as the most extreme events
such as those often utilized in development of FEMA‘s National Flood Insurance Rate
maps, (FEMA, 2005). Just as with calculated TWL values based on the measured tides
and waves, these extreme events can be compared with backshore elevations to evaluate
the potential for overtopping and degree of erosion during storms of this magnitude.
To evaluate vulnerability induced by a geomorphic response to hydrodynamic
forcing, we must consider the various processes contributing to coastal erosion hazards.
A simple expression for a coastal erosion hazard zone (CCHZ) can be written as:
(4)
where CCRSB is the long-term (interannual to decadal scale) coastal erosion rate
associated with sediment budget factors (e.g. gradients in longshore transport, trends in
sediment supply due to engineering structures) and CCRTWL_Climate is the coastal erosion
rate associated with climate change induced factors as expressed through the TWL. In
many applications SLR will be the major component of this term but there are other
factors that can influence trends in the TWL that need to be included (e.g., increasing
wave setup due to increasing wave heights or climate induced trends in storm surge).
These two long-term shoreline change rates are then multiplied by T, the time period of
interest for the CCHZ, which is typically on the order of several years to decades.
Because the effect of individual storm events is also an important process contributing to
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coastal vulnerability, consideration of this is also built into the approach by adding a
component associated with a significant storm event, CCevent (e.g., PWA, 2009). In the
case of increasing wave height scenarios this approach allows for incorporating nonstationarity into extremes analyses. For example the 100-year storm event in 2050 can be
very different than the 100-year storm event in 2010. Existing coastal erosion models that
are applicable over relatively large spatial scales usually involve many assumptions and
parameterizations and cannot resolve all of the processes that cause coastal erosion. The
parameter CCHS in Equation (4) attempts to account for more localized erosion due to rip
current embayments or hotspot erosion during El Niños, which can be important on the
Oregon coast, but difficult to predict.
To incorporate the CCRSB term, we would ideally apply a one-line shoreline
change model such as UNIBEST (WL|Delft Hydraulics, 1994) or GENESIS (Gravens, et
al., 1991) applied in a probabilistic sense to obtain a range of possible future shoreline
positions. Use of this model type would provide a means to account for wave climate
variability and sediment supply (Ruggiero et al., 2010b), two important considerations
when determining decadal rates of shoreline change. However, use of these models
requires quantitative knowledge of the local sediment budget obtained via extensive field
measurements. Because we do not have a quantitative sediment budget developed for the
Neskowin littoral cell, we take the simpler approach of accounting for shoreline change
by simply extrapolating historic shoreline change observations into the future with the
assumption that the trends will continue. Historic (decadal) shoreline change rates are
calculated with shoreline positions derived from aerial photographs and lidar data
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(Hapke, 2006). Since a SLR signal may exist in calculated shoreline change rates, a
correction is necessary to capture the shoreline change rates isolated from the effect of
climate change. To remove the effect sea level rise would have on shoreline change
rates, the widely cited method of the Bruun Rule is utilized (Bruun, 1962):
(5)

where R is shoreline retreat rate,

is the cross-shore distance to the water depth

, B is

the vertical dune elevation that may be eroded, and S is the expected amount of sea level
rise. This 2-dimensional mass conservation principle assumes that as a dune profile
becomes inundated with water levels caused by a rising sea, the dune profile will
translate landward and up in elevation until a new equilibrium is established while the
shape of the dune profile is unchanged. The Bruun relationship can also be expressed in
a simplified form of:
(6)

where shoreface slope = (B+ )/

is the slope of the profile along the cross-shore width

. Shoreface slopes are computed using a digital elevation model (DEM) bathymetric
grid downloaded from NOAA‘s National Geophysical Data Center (NGDC) website and
manually selecting profiles extending offshore from the extracted lidar data to a depth of
20 m (http://www.ngdc.noaa.gov/; accessed January 12, 2011). By interpolating values
between each of the shoreface profiles and subtracting these calculated shoreline change
rates attributed to SLR from the original shoreline change rates, we obtain the isolated
shoreline change trends due to natural sediment budget factors. Although simplistic, the
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corrected long-term shoreline change rates can then be extrapolated into future analyses
to examine how vulnerability due to coastal erosion will evolve through time.
To estimate how shorelines will respond to SLR, the Bruun Rule is also utilized to
quantify the

term of Equation 4. Using the same expression as

described in Equation 5, future SLR projections are divided by the shoreface beach slope
to obtain an estimated shoreline retreat rate induced by the process of increasing sea
levels.
The final variable in the coastal hazard zone calculation that we utilize here is the
retreat of dunes caused by episodic storm events, CCevent. While a variety of models exist
to estimate dune erosion due to hydrodynamic forcing, they are often computationally
intensive and require multiple input data and are therefore not easily applied to a large
study area. Therefore, we take a simpler approach by estimating dune retreat using a
geometric dune retreat model (K99) (Komar et al., 1999). This model, estimates the
maximum horizontal erosion,

, of a foredune (Figure 5) during extreme storms as:
(7)

where

is the extreme TWL elevation,

is the dune toe elevation and

is the

backshore beach slope. This model assumes that the dune profile does not change in
shape, but that the dune toe simply transposes up and landward to be in equilibrium with
the extreme water level (Figure 5). This model is also conservative in that it is not
associated with a time dependency for storm duration. Therefore, it assumes that dune
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retreat occurs instantaneously upon the extreme TWL exceeding the dune toe elevation.
Additionally, conservation is built in by ignoring the beach slope transformation that
typically occurs during a storm event. For example, large storms have the potential to
carry sediment offshore thereby steepening the local beach slope and causing decreased
erosion. However, steeper beach slopes also cause an increase in runup elevations, which
may increase the extent of dune retreat. Because the geometric dune retreat model
incorporates beach slope in both the numerator (via the TWL) and denominator of
Equation 7, the magnitude of dune retreat is dominated by the ratio of TWL to beach
steepness.

Figure 5. A conceptual diagram describing the K99 geometric dune erosion model. After
an extreme TWL exceeds the dune toe, the model assumes it will shift up and landward.
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3.2. Backshore Characterization
Local geomorphological data for this region was extracted from lidar data
collected during the National Aeronautics and Space Administration (NASA)/ United States
Geological Survey (USGS) Airborne Lidar Assessment of Coastal Erosion (ALACE) Project
(USGS St. Petersburg Coastal and Marine Science Center, 2002). Morphometric parameters

characterizing dune-backed regions within the study area were extracted using
automated, repeatable techniques first developed by Plant et al. (2002) and Stockdon et
al. (2007), which were then adapted by Mull (2010) for use in the PNW. Relevant
parameters include the dune toe elevation, dune crest elevation, backshore slope, defined
as the average slope between the horizontal location of mean high water (MHW) and the
dune toe, and beach width (horizontal distance from MHW to toe) for an approximate
6889 beach profiles located every few meters along the coast.
3.3 Development of Wave/Tide Time Series
To evaluate the hazards of dune overtopping and coastal erosion in the Neskowin
littoral cell, a time series of wave and tide measurements was developed for the midOregon coast. Large wave events can often damage offshore wave gauges or even cause
them to go adrift for variable amounts of time leading to extended data gaps in the wave
time series. Because these data gaps may inhibit our ability to accurately estimate coastal
response to wave conditions, we attempt to overcome this limitation by combining data
from multiple wave gauges within the region. All National Data Buoy Center (NDBC)
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hourly wave buoy data were downloaded from the NDBC website
(http://www.ndbc.noaa.gov/; accessed January 1, 2009) for the three buoys listed in Table
1 within the Northern Oregon study region (data availability shown in Figure 6). In
addition to the hourly measured data, hourly wave hindcast information was also
obtained from the Army Corps of Engineer‘s Wave Information Studies (WIS). For our
purposes, only WIS Station #81067 was used due to its location near NOAA buoy
#46005.

Buoy

ID

Source

Start

End

Name

Latitude/

Depth

Longitude

(m)

Washington 46005 NDBC

Sept-76

Ongoing

46.05/131.02

2779.8

Tillamook

46089 NDBC

Nov-04

Ongoing

45.908/125.76

2230

Stonewall

46050 NDBC

Nov-91

Ongoing

44.641/124.5

132

WIS station 81067 USACE

Jan-81

Jan-04

46.05/131.02

N/A

Yaquina

94353 NOAA

Feb-67

ongoing

44.63/124.05

N/A

Bay tide

80

Banks

gauge
Table 1. Wave and tide gauge information included in the input conditions for the
Northern Oregon study region.
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Figure 6. Timeline of existing wave and tide gauge data availability.
Due to its long history, the primary buoy used in the development of our
combined long-term wave height time series was NDBC buoy #46005. However,
because this buoy is located far off the continental shelf in a water depth of ~ 2779.8 m
and is located over 500 km from the ‗shelf-edge‘ buoys, we compared its probability
distribution of measured significant wave heights to those of the buoys located closer to
the coast (Figure 7). This comparison demonstrates clear differences between the buoys,
particularly at higher wave heights. It should be noted that prior to making this
assessment, all wave heights occurring at each of the buoy locations were reverse shoaled
to deep water to allow for the adjustment of waves heights (particularly for buoys located
on the continental shelf) that may have been in intermediate water depths for some wave
conditions.
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Figure 7. Probability density functions (PDFs) of significant wave heights for each of the
wave gauges (46005 shown in red, 46089 shown in orange, and 46050 shown in green)
using the last five years (2004-2009) of observed data.

Since the goal is to develop as complete and consistent a wave time series as
possible a simple methodology is developed to transform the waves occurring at the ‗offshelf‘ buoys to have a PDF similar to the buoy 46050 closer to shore. Wave period bins
(0-6, 6-8, 8-10,10-12, 12-14, 14-16, 16-21, 21-30 seconds) were created to evaluate if
there was a wave period dependence in wave heights observed at the off-shelf buoys
when compared with 46050 (Figure 8). Within the appropriate wave bins, a time lag
adjustment was applied to the off-shelf wave heights to account for the travel time for
wave energy to propagate to the shoreward buoy location. For example, waves measured
by buoy # 46005 with a period of 10-12 seconds have a group celerity of 8.2 m/s and this
energy will takes 17 hours to propagate shoreward to buoy #46050.
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After correcting for the wave energy propagation times, the differences in wave
heights between each of the ‗off shelf‘ buoys and buoy #46050 occurring within each
period binning were transformed in the following ways:
1. An offset based on linear regression analysis was fit through the wave height
differences within each wave period bin
2. A constant offset was determined based on the average wave height differences
within each wave period bin
Evaluation of the empirical PDFs (Figure 9) of the transformed significant wave heights
after applying each of these approaches (using only the years where overlap between the
two buoys being compared occurred), revealed that the constant offset did a superior job
at matching the shoreward PDF, particularly at larger wave heights (exceeding 4m).
Therefore, a constant offset within each wave period bin was applied to the wave heights
of the off-shelf buoys and hindcast stations.
Since NDBC buoy #46050 is located closest to shore, its wave climate is
considered the highest priority as it is most representative of the driving conditions at the
coast. Therefore, it is the first to be used when developing the combined time series.
Gaps in the 46050 record were then filled with the transformed time series of NDBC
buoy #46089 followed by the transformed time series of buoy NDBC buoy #46005.
Where gaps still persisted, the transformed WIS station #81067 was utilized to create as
complete a time series as possible for wave heights and wave period (Figure 10).
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Figure 8. Example development of transformation parameters between NOAA buoy
#46005 and NOAA buoy # 46050 for the period range of 10-12 seconds. In the top panel,
the dashed black line represents the linear regression transformation and the red line
represents the constant offset between wave heights. Blue error bars represent the
standard deviation of the wave height differences in each period bin.

Figure 9. Probability density function of wave heights occurring at buoy #46005, #46050
and the distribution of wave heights at #46005 after applying a constant offset and linear
regression transformations. Wave heights occurring at buoy #46005 (red) are shown in
their original form and then post adjustment using a regression transformation (purple)
and constant offset (brown) with the goal to best match the wave heights at buoy # 46050
(green).

The final combined time series extends from late 1976 through the end of 2008
and consists of approximately 25.5 years of good data (when wave height and wave
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period measurements exist), or an 83 percent time series. Wave height measurements
began in 1976 and were successfully recorded for 87 percent of the dataset. Wave period
measurements began in 1981 and estimates exist for 85 percent of the dataset. Buoy #
46050 contributed 53 percent of the data in the combined time series. Buoy # 46005 had
the next highest contribution of 40 percent. Data from buoy #46089 made up 2 percent
of the dataset and WIS station #81067 contributed 5 percent of the dataset.

Figure 10. Merged wave and tide gauge data time series. Relative contributions of wave
data from WIS (black), buoy #46089 (cyan), buoy #46005 (purple) and buoy #46050
(red) are shown.
Hourly tide data (relative to NAVD 88, which is 0.225m higher than MLLW)
derived from the Yaquina Bay tide gauge operated by NOAA was also analyzed for the
study. While investigating PNW uplift rates based on benchmark and tide record data,
Burgette et al. (2009) found that one of the primary benchmarks (A590) to which the
Yaquina Bay gauge is referenced was established on unstable ground and experienced
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subsidence during the time period of 1967-1996. To account for this issue, an offset was
applied based on the rates shown in Table 2 as described in Burgette et al. (2009).
Because the time series also includes data (wave heights and periods) from wave buoy
gauges which do not begin until ~1976, the correction of 1.59 mm/year for the time
period of September 1976-August 1996 was the only correction of relevance to this work.
After removing seasonal signals and accounting for the problems with local benchmarks,
the present relative sea level rise rate at this gauge is 1.31 mm/year (Komar et al., in
press).

Primary Benchmark
Dates Used
Relative Sinking Rate
A590
Feb 1967-Jul 1972
4.99±0.30mm/year
A590
Aug 1972-Aug 1996
1.59±0.24mm/year
Table 2. Date ranges when South Beach tide gauge needed vertical correction due to
subsidence of the primary benchmark.

3.4 Development of Climate Change Scenarios
Predicting coastal response to an evolving and uncertain climate requires the
development of future scenarios that are capable of incorporating a variety of existing
and projected trends in the driving forces contributing to coastal hazards. SLR, increased
storminess, and the potential for changes in the frequency of El Niño events are three of
the most significant climate effects that may influence the U.S. Pacific Northwest
coastlines in the future. As a result, here we consider a combination of projected trends
to evaluate how physical vulnerability will evolve with climate change for our study
region. The years 2009, 2030, 2050, and 2100 were selected as case years for which to
assess how vulnerability evolves through time. Selection of these case years was made
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based on typical planning (land use, emergency management, etc.) and mortgage time
frames.
3.4.1 Sea level rise
Projections of SLR in the current literature are significantly variable, primarily
because of the uncertainties associated with the underlying physical processes driving the
change. The Fourth Assessment Report of the Intergovernmental Panel on Climate
Change (IPCC) projected 18-59 cm of SLR by 2100 in their climate-model assessments
for a range of potential future greenhouse gas emissions (Bindorff et al., 2007). It has
been recently suggested; however, that these projections may be too low since they do
not account for glacial melt due to the lack of scientifically based approaches to quantify
melt water contributions (Hansen, 2007). Observationally-tuned, semi-empical models
based on physically plausible relationships between global temperatures and SLR have
become an alternative utilized by several climate research groups in recent analyses and
future projections (Jevrejeva et al., 2010; Grinstead et al., 2009; Rahmstorf, 2010). These
semi-empirical projections rely on statistical relationships as a means to avoid modeling
complex glacial dynamics that physics-based climate models are unable to presently
address (Jevrejeva et al., 2010; Rahmstorf, 2007). These statistical models, which vary
slightly in their details, produce SLR estimates ranging from 0.59 to 2.15 m by the year
2100.
To explore the uncertainty associated with global SLR projections, a range of
semi-empirical methods from the literature was utilized (Horton el al., 2008; Vermeer
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and Rahmstorf, 2009; Jevrejeva et al. 2010; and Grinsted et al., 2009). From results
presented in these studies, three global SLR scenarios were developed. SLR values for
the A1B radiative forcing scenario were selected from each of the semi-empirical
projection curves for the years 2030, 2040, 2050, 2070, 2080 and 2100. Initially, a
quadratic was fit through all of the ―best guess‖ SLR values found in the literature to
obtain a medium scenario (Figure 11). Next, a high (low) SLR scenario was created by
fitting a quadratic curve through the maximum (minimum) projections associated with a
range of years extending to 2100. Because most of the semi-empirical projections of
global SLR trends are relative to 1990 and our observational data exists through 2008,
adjustments were made so each of the future SLR scenarios would be made relative to
2009. This was completed by multiplying the present rate of global SLR (3.2 mm/year)
as measured using altimetry methods by ~20 years over which the rate was calculated
(1992-2010) to obtain an offset of 64 mm, which was then subtracted from each of the
projected global values (Leuliette, 2004).
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Figure 11. Compilation of semi-empirical SLR curves for projections extending to 2100.
Dots represent interpolated values from semi-empirical estimates. We then fit curves
through maximum, ―best-guess‖, and minimum values to obtain high (red), medium
(green), and low (blue) SLR projections.
3.4.2 Wave height trends
Analysis of offshore wave-buoy data demonstrates a positive trend in measured
significant wave heights during the time period of 1976-2008 in the Pacific Northwest,
(Allan and Komar., 2000, 2006; Ruggiero et al., 2010). Because the hazards of dune
overtopping and erosion are directly influenced by wave heights (via the functional form
of R2%, Equation 2), it is important for this observed trend to be included in assessments
of coastal vulnerability. Scenarios of extrapolated wave height trends are therefore taken
into consideration to evaluate for their effect on physical vulnerability.
While an overall increase in the range of measured significant wave heights
(SWHs) has been observed, it has been shown that the largest SWHs are increasing at a
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substantially faster rate (Allan et al., 2006; Ruggiero et al., 2010). This observation was
taken into consideration by first dividing the SWH of the combined time series into
quartiles (Figure 12). This ensured that waves of the same magnitude would receive the
same treatment. Individual rates for wave heights falling within specified exceedance
percentiles were then prescribed to allow them to evolve at rates dependent upon their
present magnitude, thus allowing the larger wave heights to increase at faster rates.

Figure 12. Wave height trends applied based on wave height magnitude quartiles. This
setup allows for the larger wave heights to increase at faster rates as has already been
observed in the existing dataset.
Because the exact cause of the observed wave height increase is uncertain and
there are limited predictions of how wave heights may evolve in the future, uncertainty is
addressed by developing three potential future scenarios (Figure 13). The first considers a
sustained increase in wave heights through time based on the rates most recently
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analyzed (Ruggiero et al., 2010). Due to the significant uncertainty associated with how
long this high rate of increase could be sustained and our lack of detailed understanding
of the mechanisms responsible for the increase, projected changes are only permitted
through the year 2030. Taking into consideration the possibility that the increasing wave
height trend will not continue, a second scenario assumes that the wave height trend is
capped by 2009 and the wave climate remains stationary going forward. Lastly, because
the increasing trend currently observed in the wave data could potentially be part of a
multi-decadal climate-driven oscillation, the third scenario considers the effect of a
sustained decrease in the wave height through time. This trend would decrease at the
same rate as the sustained increase scenario and would only allow the wave heights to
decline to values comparable to those already observed in the dataset. Just as with the
sustained increase wave height scenario, rates of decreased magnitude are capped at the
2030 projection.
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Figure 13. Conceptual diagram of three wave height scenarios (increasing (red), capped
(green), and decreasing (blue)). This example shows the largest quartile, which is
prescribed to have a 0.04 m/year increase in wave heights as described in Figure 13.
3.4.3 Major El Niño frequency
Elevated sea levels and enhanced winter wave heights caused by the El Niño
phase of ENSO have the potential to exacerbate dune overtopping and erosion and
therefore also needs to be taken into account when assessing the effect these large-scale
events will have on future conditions. Two additional climate scenarios were generated
where we assess the effects of El Niño frequency. In the first El Niño scenario, the large
El Niño events (with conditions on the scale of the 1997/1998 event) were allowed to
occur as they normally have during the wave height record (approximately once every 15
years). In the second El Niño scenario, we consider a situation where the frequency of
major El Niños doubles (twice every 15 years).
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After selecting the three climate-controlled processes of SLR, changing wave
height climatology, and increased frequencies of major El Niño events, a matrix of 18
possible climate change scenarios was developed (Table 3) to evaluate for their effect on
the physical vulnerability of the Neskowin littoral cell region.
Sea level rise High
Waves
fddfffd

Low

HHH

MHH

LHH

HMH

MMH

LMH

HLH

MLH

LLH

HHM

MHM

LHM

HMM

MMM

LMM

HLM

MLM

LLM

High

El Niño
Frequency
High

Low

Medium

Table 3. Matrix of 18 climate change scenarios including trends in SLR, wave heights
and El Niño occurrences.
3.5 Development of Synthetic Time Series
In order to assess how physical vulnerability evolves through time, it is first
necessary to predict the time evolving extreme hydrodynamic forcing. To achieve this, a
synthetic time series was created by repeatedly appending the last 30 years of the existing
wave height, wave period, and water level time series to the original data. The ‗patch‘ is
applied until we have developed a synthetic time series that extends the 1979 to 2008
measurements until the year 2100 (Figure 14).
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Figure 14. Example of appending the 30 year section of observed data (red) to create a
synthetic dataset (gray) extending to 2100 for an average Oregon beach slope of 0.04.
Black indicates data pre-1979 that was not used in the development of the synthetic time
series.
To account for tectonic uplift, rates estimated by Burgette et al. (2009) for the
Northern Oregon region (1 mm/year) was subtracted from the synthetic tide predictions at
the Yaquina Bay gauge. This uplift rate was assumed to be constant through time and this
correction was made to the hourly tide time series from the time period of 2010-2100 (a
vertical uplift magnitude of 9cm from 2009-2100).
A change in El Niño frequency is also easily incorporated at this stage. By
replacing two years within the 30 year time extension ―patch‖ with the 1997-1998 El
Niño year, it is possible to create the scenario of two El Niño events every 15 years. This
trend is then repeated throughout the time series extending to 2100. Because the dates
from July 1999-June 2000 and July 2003-June 2004 most resemble the average wave

41
heights within the appending ‗patch‘, they were selected as the years to be patched over
with the elevated wave heights, periods, and tides associated with the El Niño year. After
extending the time series, each of our 18 time dependent, climate change scenarios were
applied to evaluate how evolving conditions affect coastal vulnerability.
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4.0 Application to the Neskowin littoral cell
Upon examining extracted dune parameters from lidar data, it was found that
alongshore varying gradients in slope were in general steeper north of the Nestucca River
inlet when compared with the slopes in the southern part of the littoral cell (Figure 15).
Overall, the mean beach slope was 0.038 with the steepest beaches having a backshore
slope of 0.09 and the flattest beaches having slopes of 0.004. Significant variability also
exists for dune crest and dune toe elevations, with the Northern region (Nestucca Spit)
being associated with much higher dune crest and toe elevations. On average dune crests
are 10.8 m ± 2.72 m and dune toes are 5.1 m ± 0.90 m (relative to NAVD88). However,
because this littoral cell seems to be divided into two distinct sub-cells of geomorphic
parameter characteristics, it is hypothesized that the physical vulnerability due to dune
overtopping and erosion will vary between the regions with the southern littoral cell
being more prone to hazards.
Using our combined, transformed and extended wave time series and the
alongshore varying beach slopes, the Stockton et al. (2006) empirical model (Equation 2)
was utilized to calculate a wave runup time series for each of the lidar-derived crossshore profiles. These runup elevations are then combined with the measured tidal levels
to obtain hourly estimates of the TWL achieved on the beach extending from 1976
to2100.
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Figure 15. Alongshore varying morphometrics within the Neskowin littoral cell. The first
panel shows the extent of the study area. The middle panel shows the alongshore varying
beach slope (red). The last panel shows the dune toe (green) and dune crest (blue)
elevations. The gray dots represent the raw data collected using the 2002 lidar dataset
and the colored lines are the smoothed data eliminating spatial variability with with wave
lengths less than 250 m using a Hanning low pass filter (Plant et al. 2002).
To extract extreme TWLs for each profile, the 30 years prior to each of our
chosen case years (2009, 2030, 2050, 2100) were input into the generalized extreme
value family of distributions POT approach to generate the annual and the 100-year
extreme TWL events as described above. Although it is usually best to use as much data
as possible to obtain accurate estimates of extreme TWLs, we use 30 years prior to each
case year for two reasons. First we want to standardize the amount of data being analyzed
using the POT approach for all case years and all scenarios. Secondly, by only using the
most recent 30 year period for determine extreme values we are effectively allowing for
the imposed non-stationarity in the synthetic data sets to be dealt with properly. The
threshold value used in the POT approach was selected automatically for each case year –
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scenario-event combination such that approximately five storm events per year are
included in the extreme value analysis. The range of the computed extreme TWL values
for each of our case years is shown in Figure 16.

Figure 16. Range of extreme TWL values for a range of backshore beach slopes. Annual
events (blue) and 100-year events (green) for all 18 scenarios for future case years 2030
(dark red), 2050 (red), 2100 (pink) are shown.

In order to analyze the alongshore variability associated with dune overtopping
and coastal erosion described in the following sections, the TWL magnitude two standard
deviations above the mean of all 18 scenarios will be presented for each of the future case
years (2030, 2050, 2100). This can also be thought of as the 98 percent confidence level
assuming a Gaussian distribution of the model results. Although the dune toe elevation
was allowed to fluctuate when applying the Bruun Rule, to remove the effect of SLR
from future TWL estimates, the dune crest elevation is not allowed to evolve. Therefore,
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evaluation for dune overtopping is based on the elevations of the dune as measured in the
2002 lidar data. The dune toe elevations utilized in the K99 geometric dune retreat model
are conditioned by the Bruun Rule application. Dune overtopping and coastal erosion
hazards were quantified for all case years (2009, 2030, 2050, and 2100); however, only
the results for case years 2009 and 2050 are discussed below.
4.1 Dune Overtopping
For the 2009 case year, the alongshore averaged annual and 100-year TWLs are
5.9 m and 6.8 m respectively. Comparison of the alongshore varying annual event and
dune crest elevations reveal that overtopping is not experienced during an event of this
magnitude (Figure 17). For the 100-year event, only 23 of the ~6900 profiles are
overtopped. These low estimates of overtopping from extreme events are primarily
attributed to the high dune crest elevations occurring within our study region. This is
particularly true for those profiles located north of the Nestucca River where dune crests
reach a maximum of over 19 m.
By the year 2050, the alongshore varying extreme annual event is found to
increase to 6.3 m, which is a 6 percent increase from 2009 levels (Figure 18). However,
this increase in the extreme annual event is still too low to overtop the dune crests. The
average TWL value for the 100-year event in 2050 is 7.3 m. This 7 percent increase from
2009 levels increases the number of profiles in which the dune crest is flooded to 215 of
the ~6900 profiles. Similar to the locations where dune overtopping occurs under present
conditions, high values of 2050 dune overtopping generally are limited to river inlets and
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beach access roads, low areas obviously being most prone to dune overtopping.
Although Figure 18 only shows results for 2050, the number of dune overtopping events
for additional case years is depicted in Table 4.

Figure 17. Quantifying present dune overtopping vulnerability for 2009. The left panel
shows a map of the study area. The right panel shows the alongshore varying values of
dune toes (black), dune crests (brown) along with their relation in magnitude to the 2009
annual TWL event (blue) and the 2009 one hundred year TWL event (green). In all cases,
raw values (gray dots) have been smoothed using a Hanning filter with a window of 250
m.
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Figure 18. Quantifying future overtopping vulnerability for case year 2050. The left
panel indicates the alongshore location of our study area. Shown in the right panel is the
alongshore elevation for dune toe (black) and dune crest (brown) along with the 2050
annual TWL event (blue) and 2050 one hundred year event (green) to evaluate for future
dune overtopping occurrences. A Hanning filter was applied to raw data (gray dots) over
a window of 250 m.
Case Year
2030
2050
2100
Percent Increase in 100 Year
2.0
6.9
13.8
TWL Event
Percent Increase in 1 Year
2.1
6.3
17.2
TWL Event
Percent of Profiles
0
0
1.1
Overtopped by 1 Year TWL
Event
Percent of Profiles
0.9
3.1
7.9
Overtopped by the 100 Year
TWL Event
Table 4. Statistics of vulnerability sensitivities to climate change induced dune
overtopping for case years 2030, 2050, 2100. Future TWLs in all cases are represented
as two standard deviations above the mean of all 18 climate scenarios. Percent increases
are all relative to conditions in 2009.
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4.2 Coastal Erosion
When evaluating coastal erosion for 2009 based on Equation 4, T is assumed to be
zero, thereby causing coastal response to be dominated by the extreme storms. Calculated
TWLs for the annual event exceeds the dune toe elevations of 84.5 percent of all profile
locations within the littoral cell (Figure 19). In comparison, the 100-year TWL year
event produces water elevations that exceed 98.5 percent of the dune toe elevations.
After incorporating these extreme events in the K99 geometric model, it was found that
28.1 m and 51.8 of average dune retreat would be caused by the annual and 100-year
TWL events respectively. As expected from the formulation of the dune erosion model,
profiles associated with the lowest beach slopes and dune toe elevations experience the
highest values of dune retreat. These low areas also commonly associated with the
location of beach access roads and water bodies such as the Nestucca River and Daley
Lake.
By 2050, long-term coastal retreat rates reveal that on average, the Neskowin
littoral cell beaches retreat 41.3 m by the year 2050 due to sediment budget factors
(Figure 20). Use of the Bruun Rule to project shoreline change due to SLR indicates an
alongshore mean of 10.7 m shoreline retreat for the low SLR scenario, 16.5 m shoreline
retreat for the medium SLR scenario and 26.1 m of shoreline retreat for the high SLR
scenario. While large amounts of shoreline retreat are induced by SLR and other natural
processes, it is the extreme storms that contribute the most rapid amount of coastal
erosion, leaving little time for mitigation. Dune retreat induced by the 98 percent
confidence level (mean plus two standard deviations) annual event and 100-year event
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averaged 32.5 m and 56.5 m respectively (15.6 and 9.1 percent increases from 2009
values). Annual event TWLs exceed 96.4 percent of the dune toe elevations, which is a
14 percent increase from 2009. The 100-year TWL event exceeds 99.5 percent of the
dune toe elevations (a 1 percent increase since 2009 conditions). Although results for
future coastal erosion are only shown for 2050, results from the additional case years are
summarized in Table 5.

Figure 19. Quantifying dune erosion vulnerability for the year 2009. The first panel
shows a map of the alongshore study area. The next panel shows the alongshore dune
retreat values estimated by the K99 model for the annual (blue) and one hundred (green)
year events. In all panels, a Hanning smoothing filter with a window size of 250 m was
applied through the raw data (gray dots).
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Figure 20. Quantifying future coastal retreat vulnerability for the case year 2050. The
first panel shows the alongshore extent of our study area. The second panel shows
shoreline change (magenta) occuring by the year 2050 based on extrapolations of trends
occuring throughout the past 30 years. Also shown in this panel is the shoreline change
due to low, medium, and high SLR rates based on calculated estimates from the Bruun
Rule (red). Negative values indicating a receeding shoreline and postive values
indicating a prograding shoreline. The next panel shows the dune retreat values
assoicated with the annual (blue) and one hundred (green) year events.
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Case Year
Mean
(m)
Mean
(m)
(High SLR Scenario)

2030

2050

2100

21.16

41.30

91.87

11.6

26.13

73.44

7.04
16.52
49.84
Mean
(m)
(Medium SLR Scenario)
4.48
10.73
31.60
Mean
(m)
(Low SLR Scenario)
87.6
93.7
98.9
Percent Dune Toes
Impacted by Annual Year
TWL Event
98.9
99.4
99.6
Percent Dune Toes
Impacted by 100 Year
TWL Event
30.11
32.50
32.80
Mean
Annual Year Event
54.03
56.57
56.27
Mean
100 Year Event
7.1
15.6
16.7
Percent Increase in
for 1 Year Event
4.2
9.1
8.6
Percent Increase in
for 100 Year Event
Table 5. Statistics of vulnerability sensitivities to climate induced coastal erosion for case
years 2030, 2050, 2100. Future TWLs in all cases are taken to two standard deviations
above the mean of all 18 climate scenarios. Percent increases are all relative to conditions
in 2009.
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5.0 Index Based Vulnerability Integration
The analysis described in the Results sections quantifies coastal vulnerability
based on the two hazards (dune overtopping and coastal erosion) during individual event
and multidecadal time scales. While these individual components are useful for
understanding contributing factors to vulnerable areas, when combined they can provide
a quantitative, integrated means to assess relative vulnerability within our study area as it
evolves though time. Integration of the hazards is completed using an index-based
ranking system. The first focus is on quantifying the relative vulnerability of the hazards
as individual components, which are then given a qualitative ranking. These individually
ranked hazards are then combined into a single alongshore varying vulnerability index
found as the mean of indices associated with the hazards of dune overtopping and
erosion.
Mull (2010) developed an expression to capture the relative vulnerability to
overtopping due to an extreme TWL event, given as:
(8)

the difference between the event‘s total water level, TWL, and the dune crest elevation,
, normalized by the dune face elevation,

. In general, positive values

indicate overtopping occurs, while negative values are an indication of no dune
overtopping for the given conditions. Assignment of vulnerability rankings and
associated physical interpretation of these

values are discussed in Table 6.
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Values

Vulnerability
Ranking

Physical
Interpretation

< -1

1

TWL does not exceed the dune toe
elevation.

-1 - 0

2

TWL exceeds dune toe, but does not exceed
dune crest elevation.

0 - 0.25

3

TWL has exceeded the dune crest by 0.25
dune face elevations.

0.25 – 0.5

4

TWL has exceeded the dune crest by 0.50
dune face elevations.

> 0.5

5

TWL has exceeded the dune crest by more
than 0.5 dune face elevations.

Table 6. Explanation of dune overtopping vulnerability indices.

To estimate the vulnerability due to coastal erosion, quantification of the relative
vulnerability caused by the three components making up this hazard is necessary, namely
sediment budget factors, shoreline retreat induced by SLR, and dune erosion induced by
extreme storm events. To allow for direct comparison of the contribution to physical
vulnerability for each of the three variables through time, they are normalized by beach
width (distance between the dune toe and mean high water) :
(9)

where

is beach width. For 2009, it is assumed that T is zero, leaving the

vulnerability index dependent only on a storm event,

, normalized by

21 shows an example of the components composing

for the case year 2050.

. Figure
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Assignment of vulnerability rankings and associated physical interpretation of these
values are discussed in Table 7.

Figure 21. Combination of processes contributing to coastal erosion. By adding
extrapolated amounts of shoreline change (red), SLR induced coastal erosion (green), and
extreme event coastal erosion (blue), we can evaluate their combined effects (magenta)
on relative vulnerability. For all lines shown, a Hanning filter has been applied over a
window of 250 m through the raw data (gray dots). Results shown here are for the 100
year event in 2050.
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Vulnerability
Ranking

Physical
Interpretation

0 – 0.5

1

Shoreline erodes through a range of 0 to 0.5
beach widths.

0.5 - 1

2

Shoreline erodes through 0.5 to 1 beach
widths

1 - 1.5

3

Shoreline erodes through 1 to 1.5 beach
widths.

1.5 - 2

4

Shoreline erodes through 1.5 to 2 beach
widths

>2

5

Shoreline erodes through more than two
beach widths.

Values

Table 7. Explanation of coastal erosion vulnerability indices.

To integrate the hazards, the vulnerability values of dune overtopping and coastal
erosion are combined by finding the mean of the ranked vulnerability values for each
hazard at all three case years as shown:
(10)

where

is the ranked extreme event dune overtopping index,

erosion index and

is the ranked coastal

is their combined coastal hazard. The

values

maintain the qualitative vulnerability ranking range of 1-5, which are associated with
categories of very low-very high vulnerabilities as described in Table 8.
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Values

Associated Vulnerability

0-1

Very Low

1-2

Low

2-3

Moderate

3-4

High

4-5

Very High

Table 8. Explanation of combined vulnerability indices.

Results of these

are then mapped onto an aerial photograph of the

Neskowin littoral cell to demonstrate the alongshore variability of physical vulnerability
as shown in Figure 22-23 for the case years 2009 and 2050 for the annual event and one
hundred year event. In all cases,

values are higher south of the Nestucca River,

particularly near the town of Neskowin. Therefore, as the vulnerability of the coastal
setting of the Neskowin littoral cell becomes further exacerbated under future conditions,
these methods predict that the southern section of the littoral cell will be most sensitive to
a changing climate.
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Figure 22. Comparison of relative vulnerability for the annual event at 2009 versus 2050
conditions.
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Figure 23. Comparison of relative vulnerability for 100-year event at 2009 versus 2050
conditions.
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6.0 Discussion
The approach described in this thesis offers a method to quantify the coastal
erosion and flood hazards affecting the physical vulnerability of coastlines from multiple
time scales (event to multidecadal). It has been demonstrated that variable climate
change forces intensify the physical vulnerability of the coastal setting by increasing the
magnitude and frequency of dune overtopping events as well as shifting shoreline
positions and inducing dune retreat, which serve as the primary defense for coastal
communities against large storms. However, when attempting to quantify the effects of
an unstable future climate with simple models, uncertainty and assumptions become an
important consideration of the methods and application. Below we asses several sources
of uncertainty as well as other considerations when developing physical vulnerability
assessments.
6.1 Sources of Uncertainty
6.1.1 Backshore Characterization
Beach and foredune morphometrics were extracted from lidar data using the
automated selection techniques described by Mull (2010). Automated techniques of dune
parameter extraction allow for fast, repeatable analysis of a large study region. However,
to apply the analysis techniques the lidar data is interpolated on to a regular grid which in
addition to measurement errors adds uncertainty to estimates of dune and beach
parameters. By comparing lidar extracted parameters with parameters estimated from in
situ GPS data collected one month prior to the lidar flight, Mull (2010) estimated the
vertical RMSE for the Neskowin region to be 0.84 m for dune toe selection and 0.40 m
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for dune crest. The uncertainty associated with our backshore slopes was calculated using
a combination of the mean beach width (85.3 m), mean dune toe elevation (5.1 m) and
the RMSE associated with dune toe selection (5.1 0.84)/(85.3 5.3) yielding a range of
approximately 0.05.
Another important source of uncertainty to consider is that the 2002 lidar data is
only a single snapshot of the regional geomorphology and does not account for temporal
changes in beach morphology. Lidar estimates may also overestimate the backshore
elevations due to the presence of vegetation. Successive years of lidar collection and
monitoring during varying seasons could help resolve time-varying estimates of
backshore parameters.
6.1.2 Wave transformation
The wave data utilized in this study was transformed to the same water depth as
buoy #46050 (132 m) using simple time lag and wave height adjustments. Because this
distance is still approximately 35 km from the coastline, wind and bottom friction may
further transform wave heights in the time it takes them to reach the shore after crossing
the continental shelf. Use of wave simulation models such as SWAN (Booij, 1999),
which use offshore wave conditions and nearshore bottom boundary conditions as input
to predict how waves evolve from deep water to shallow water waves, could be
implemented to better estimate wave conditions as they reach the shore.
Wave direction can be important when evaluating coastal change hazards. Winter
storms generally approach the coast from a southerly direction often leaving the southern
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portion of littoral cells starved for sediment thereby narrowing the beach width, which
has large management implications. These effects are particularly apparent during El
Niño events where the southern portion of littoral cells generally experienced accelerated
amounts of coastal erosion and dune overtopping (Revell et al., 2003; Allan et al., 2003).
Although not accounted for in the present application, this hotspot erosion can be
incorporated via the

variable within the expression for CCHZ.

6.1.3 Projecting a future climate
The processes governing climate change and variability are poorly understood,
making future conditions difficult to predict. We chose to use a range of semi-empirical
approaches to project global sea level rise levels through the year 2100 using the A1B
emissions scenario that predict a range from 0.62 to 1.34 m. Higher emission scenarios
include the A2 scenario and when utilized by semi-empirical models increases the range
of SLR from 0.69 to 1.48 m by 2100. Additionally, lower SLR ranges are estimated
using the lower emission scenario of B1 which predict a range of 0.44 to 1.26 m by 2100.
As we have no way of knowing which future emission scenario is correct, choice of any
of these SLR projections adds uncertainty and subjectivity to our vulnerability analyses
of dune overtopping and coastal erosion.
Extension of the observed time series to the year 2100 also introduces an
unquantifiable level of uncertainty. Although the tide and wave combinations were
observed, the probability of their simultaneous occurrence in the future is unknown. An
alternative approach would be to randomly sample hourly tide and wave measurements
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from their governing distributions to generate new ensembles of TWLs, which may
create a wider range of possibilities than exists in the observed dataset (Callaghan, 2008).
Trends in wave heights are especially difficult to predict based on the relatively
short datasets (~35 years) of measured data. Further, there remains considerable
uncertainty associated with the forcing mechanism that is driving the wave height
increase. In addition, there are no models available that predict future storminess in the
Northeast Pacific. In attempt to address this uncertainty, only observed local trends in
wave heights were allowed to continue until the year 2030 as well as allowing for a
scenario where the wave heights decrease in height. Additional scenarios of wave height
trends and their temporal allowance may provide a wider range of potential impacts
imposed by varying storminess.
6.1.4 Coastal change models
The K99 geometric dune retreat model is one of the most conservative, and
simple dune response models available to model the effects of storm induced erosion. Its
conservative nature contributes to increased uncertainty in results estimating physical
vulnerability. Dune erosion is assumed to occur instantaneously upon the TWL elevation
exceeding the dune toe elevation. Lack of a time dependence consideration associated
the time duration the TWL elevation actually exceeds the dune toe thereby leads to an
overestimate of expected dune retreat. Despite its limitations the model is still attractive
to apply because of its simplistic nature and ability to be quickly applied to large-scale
regions. As other more complex dune retreat models may be unable to account for the
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exacerbated dune erosion accompanied by El Niño forcings as well as localized rip
embayments, which may accelerate erosion, the conservative nature of the K99 geometric
dune retreat model may be beneficial from a planning perspective by providing a buffer
from these physical events which contribute to coastal vulnerability.
Similar to the geometric dune retreat model, estimating shoreline retreat using the
Bruun rule, while widely utilized due to its easy application, also receives criticism for
oversimplifications (Sallenger et al., 2000; Cooper, et al., 2004). Stive et al. (2009)
reviewed both laboratory and field data from past attempts spanning last four decades to
verify applicability of the Bruun Rule approach. In doing so, it was found that
conceptually, the Bruun Rule is qualitatively sound; however; applicability of this
approach is often compromised in estuary environments. It was therefore recommended
that predictions made using the Bruun Rule should only be considered indicative for an
order of magnitude estimate of shoreline retreat. Stive et al. (2009) further recommend
that in order to apply the Bruun Rule, further numerical modeling and field data
validation must first be applied to allow for reliable predictions of shoreline retreat.
Because this preliminary step requires significant time and resources, it is often not
feasible in many studies. Therefore, while in theory the Bruun Rule estimates are valid,
its limited suitability for coastline application can often misrepresent actual shoreline
retreat distances contributed by the isolated effect of SLR.
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Additionally, the Bruun Rule requires a number of assumptions to be met prior to
application. One of its explicit limiting factors is that it assumes no input or output of
sediment due to alongshore or onshore/offshore movement of sand. While difficult to
quantify, mechanisms of sediment transport are constantly at play such as onshore
sediment transport due to seasonal variations. Ignoring this concept limits the capability
to actually quantify the relative effect of processes occurring in the nearshore in addition
to SLR.
Retreat distances estimated in a deterministic manner such as the K99 dune retreat
model and the Bruun Rule are not practical as wave climate forcings are often associated
with large amounts of variability and randomness. By applying these deterministic
models in a probabilistic manner, the influence of vulnerability governed by variable
input may acknowledge uncertainty of future conditions. For example, because dune toe
elevations and beach slopes evolve on a seasonal basis, running multiple simulations of
these models with a range of practical slopes and toe elevations will provide a wider
range of potential retreat distances, aiding in estimation of relative physical vulnerability.
6.2 The influence of sea level rise vs. tectonic uplift
After removing the regional SLR signal, analysis shows that some of the tide
gauges (particularly South of Coos Bay, OR) are experiencing a net drop in relative SLR
indicating that the uplift was occurring at a faster rate than sea levels during the 20th
century (i.e. Komar et al., in press) (Figure 24). Although these areas may be ―out
running‖ the effect of a rising sea, within the decades of 2010-2030 our future SLR
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projections will surpass these vertical uplift rates, thereby increasing the physical
vulnerability of these regions. Figure 24 demonstrates this projected occurrence for a
range of locations based on their local sea level rise rates (Komar et al., in press) and
uplift rates (Burgette et al., 2009).

Figure 24. Comparison of SLR projections and uplift. High (red), medium (green) and
low (blue) semi-empirical SLR projections are plotted from 2010 to 2100 to compare
against the highest uplift rate occurring in Oregon (3 mm/year) as shown in purple. The
observed rate of regional SLR (2.28 mm/year) is shown in gray for the time period 19702010 as discussed in Burgette et al. (2009).
6.3 Consideration of local factors influencing vulnerability
In addition to the uncertainties described above, there also exists many local
conditions that require special adaptations that as of yet are not considered in the
approach discussed within this thesis. The affect of shoreline armoring and varying
topography behind the foredunes are just two of the factors to take into consideration
when applying this methodology to a local setting.
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Low-lying sand spits barriers that front river mouths are often associated with
relatively low dune crest elevations, promoting higher probabilities for overtopping.
However, our methods do not address additional modes of flooding such as estuarine
flooding behind the dunes. Low elevations landward of dune crests are often the site of
coastal infrastructure, but high tidal events combined with storm surge and flooded river
flows can significantly elevate estuary water levels, prompting a mechanism for estuarine
flooding in addition to the occurrence of overtopping. We also make the assumption that
profile overtopping is a 1D process and disregard the varying topographic elevations
located behind the dunes. Incorporation of 3D contour maps of the backshore elevation
may help to predict where water will flow after reaching the crest of the dune.
A common approach to protect shorelines is the implementation of riprap
revetments, which mitigate the erosion effects of extreme storms. These resistant
structures absorb and reflect wave energy thereby protecting the original shoreline
position. Following the 1997-1998 El Niño event, the city of Neskowin constructed riprap walls to prevent continued shoreline retreat. Application of the extracted shoreline
change rates and the dune retreat model to this fortified area may over-predict the amount
of expected coastal response and thereby over-escalate the projected physical
vulnerability. However, using Neskowin as an example, although revetment installation
has aided the effort to reduce the overall vulnerability of the community by stabilizing
rates of shoreline retreat, several large storms have since caused sections of the riprap to
fail. During these storm events emergency revetment fill needed to be replaced quickly
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to prevent further risk to the surrounding infrastructure. Therefore, too much reliance on
hard engineering approaches may also lead to high vulnerability situations.
6.4 Time scale dependence on sea level rise trends
Although tide gauges remain one the most common methods for evaluating rates
of SLR, recent technological advancements of satellite altimetry provide additional
means of observing global and regional SLR trends with unprecedented spatial
resolution. Interestingly, while local tidal gauges indicate an increasing trend for regional
SLR, NOAA‘s Laboratory for Satellite Altimetry estimate present SLR trends for the US
PNW to be negative, indicating that regional sea levels are actually decreasing by
approximately 1 mm/year (Figure 25).
These discrepancies can be attributed to the different time scales over which the
trends are calculated. Mean sea level trends are calculated for the South Beach tide
gauge over the period of time spanning 1967 to 2010 and satellite altimetry data only
spans from 1992-2011. Therefore, while recent decadal variations demonstrate a
decreasing trend of mean sea level, long-term measurements indicate a positive sea level
trend through time.
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Figure 25. Regional mean sea level trends (mm/year) as measured by the NOAA
Laboratory of Satellite Altimetry. Trends were calculated over the time frame 1992-2011.
Altimetry data are provided by the NOAA Laboratory for Satellite Altimetry.

6.5. Additional Means of Assessing Vulnerability
In addition to the traditional approach of assessing physical vulnerability to
coastal hazards via an event-based perspective, vulnerability can also be assessed using a
variety of other techniques such as the hours of dune toe impact per year (IHPY) and
hours of dune crest overtopping per year (OHPY). This chronic perspective was also
explored to compare against the results of our event-based approach. This method
utilizes the hourly time series for the decade prior to each case year as a means to
standardize the time period over which the conditions are being evaluated. The number
of hours per year within the selected decade when the TWL meets or exceeds the lidarderived dune crests and dune toes are then counted as a proxy for which profiles within
the study area are most vulnerable to the hazards of dune overtopping and coastal
erosion. Below we show results for the case years 2009 and 2050 to demonstrate how
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these values evolve through time. As can be expected, the number of both OHPY and
IHPY increased by 2050 from the 2009 conditions.

Figure 26. The first panel shows the alongshore extent of the study area. The next two
panels show the OHPY and IHPY for 2009 (blue) and 2050 at the 98 percent confidence
level (purple). Lines have been smoothed through raw data (gray) using a 250 m Hanning
filter.
Interestingly, locations of high IHPY also coincided with areas experiencing
elevated levels of dune retreat from the extreme event perspective as described in the
Methodology section. The same pattern can also be seen when comparing OHPY and
extreme event induced dune overtopping. This observation indicates that evaluation of
physical vulnerability from both a chronic and event-based perspective is likely to unveil
similar regions associated with high vulnerability.
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7.0 Conclusions
This thesis describes new methodologies to assess the relative contributions of
various climate controls on dune overtopping and coastal erosion hazards and the role
these hazards play in quantifying the physical vulnerability of coastal regions. Despite the
complexities existing in coastal environments, we have demonstrated that by combining
simple model inputs with local conditions and various climate change trends, local
vulnerability can be objectively quantified. The simplicity of the approach intentionally
allows for flexibility in input conditions, complexity of models, and application to a wide
range of dune-backed coastlines. We believe that this approach can serve as a foundation
for integrated coastal vulnerability assessments. These assessments are designed to
dynamically evolve more complex models are incorporated.
While this approach may be applied at a variety of geographic scales,
implementation at the local level, as described in this thesis, allows coastal managers and
planners to better identify physical vulnerabilities and how their sensitivities are expected
to evolve under future conditions. In this application to the Neskowin littoral cell, the
hazards of dune overtopping and coastal erosion were quantified by evaluating them from
an extreme event perspective. In addition to examining their isolated contribution to
physical vulnerability, methods were also developed to integrate hazard effects into a
combined vulnerability ranking system, which is capable of being tailored to the scale of
assessment relevant to the user. In doing so, it was found that at present only 0.13
(annual) percent and 4 percent (100-year) of the Neskowin littoral cell was considered to
be in the vulnerability category of ‗moderate‘ or higher. Under the influence of a
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changing climate, by the year 2050, the ‗moderate‘ or above vulnerability category
expanded to include 36 percent (annual event) and 52 percent (100-year event) of the
coastline indicating the extreme sensitivity of coasts to climate driven forces.
While these results quantitatively demonstrate increased vulnerability under
future climate projections, many coastal managers and planners are still operating in the
absence of knowledge regarding the impacts of long-term climate change. Utilization of
the techniques described in this thesis can provide inputs for a science-based decision
support tool for coastal planners and managers faced with the challenges of an uncertain
climate.
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