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1.0 INTRODUCTION

The objective of the Coos County coastal flood map project
is to develop a digital flood insurance rate map (DFIRM) and
flood insurance study (FIS) report for Coos County, Oregon
(Figure 1-1). A parallel effort is underway as of September
2008 to convert Coos County to a Federal Emergency Man-
agement Agency (FEMA) countywide format in the North

American Vertical Datum of 1988 (NAVD88); however,
the scope of that project is strictly digital conversion and
no new studies and/or updated floodplain boundaries are
being incorporated. For this effort, the Oregon Department
of Geology and Mineral Industries (DOGAMI) will be using
available light detection and ranging (lidar) data to redelin-
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Figure 1-1. Location map of Coos County coastline. Note: Tan shading denotes city urban growth boundaries.
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eate hazards within Coos County, produce revised DFIRMs
and a revised FIS report, and produce other mapping prod-
ucts usable at the local, state, and federal level for mitiga-
tion planning, risk analysis, and disaster response.
As part of the redelineation, DOGAMI has been contract-
ed to perform detailed coastal flood hazard studies for two
limited stretches of beach along the Coos County shoreline
of the Pacific Ocean. These analyses are to include assess-
ments of the 1% annual probability, or 100-year, extreme
storm wave event and the associated calculated wave setup,
runup, and total water level (i.e., the wave runup superim-
posed on the tidal level) to help determine the degree of
coastal flood risk along those shores. Additional modeling
of the 0.2%, or 500-year, event will also be undertaken.
These detailed analyses will be limited to two key areas
(Figure 1-1):
¢ Bandon shoreline, which extends from the Coquille
Jetty south to the southern extent of the Bandon urban
growth boundary (approximately 0.5 miles south of
Johnson Creek), and

¢ Bastendorff and Lighthouse Beach, located to the
south of the Coos Bay jetties, and a small portion of
Sunset Bay State Park.

Aside from those two areas, DOGAMI will develop revised
velocity ("V") zones for the remainder of the county shore-
line. Presently, the bulk of the coastline is characterized as
an Approximate (“A”) zone. However, after consulting with
FEMA and state government representatives, the decision
was made to revise the A-zones to reflect the geomorphol-
ogy of the coast and to redefine these zones as velocity (“V”)
zones.

The development of coastal flood maps is complicated
due to its dependence on a myriad of data sources required
to perform wave transformation, runup, and overtopping
calculations. These challenges are further compounded
by an equally wide range of potential settings in which the
data and methods can be applied, which range from dune-
to bluff-backed beaches, sites that may be backed by coastal
engineering structures such as sea walls, riprap revetments,
or wooden bulkheads, to gravel and hard-rock shorelines.
Figure 1-2 broadly summarizes the steps described in the
ensuing sections in order to help understand conceptually
the process that leads ultimately to the completed coastal
flood hazard zones.

This report first examines the coastal geology and geo-
morphology of the Coos County shoreline, including a
discussion of the erosion history of the coast. The results
presented in this section will ultimately form the basis for
defining the flood zones along the Coos County coast. Sec-
tion 3, "Beach and Bluff Morphology Assessments," pres-
ents the results of real-time kinematic differential Global
Positioning System (RTK-DGPS) surveys of the two detailed
study sites located at Bandon and along Bastendorff and
Lighthouse Beach near Coos Bay, undertaken at the peak
of the 2008-2009 winter. These surveys are compared with
historical data derived from light detection and ranging
(lidar) data, which are used to help define the most eroded
winter profile used in the runup calculations described in
Section 6, "Wave Runup and Overtopping." Section 3 also
documents various parameters associated with the mea-
sured beach profile data, including beach-dune junction
elevation, beach slope, and dune/bluff crest-top elevations.

An examination of the tide data measured by the Charles-
ton tide gauge, located in Coos Bay, is presented in Section
4, "Tides," and includes an analysis of the 1% and 0.2% still
water levels (SWL). Section 5, "Pacific Northwest Wave Cli-
mate," describes the steps undertaken to develop a synthe-
sized wave climate, critical for developing the input wave
statistics used in calculating the wave runup. Section 5 also
examines the procedures used to refract the waves from
deep-water waves to the 20-m bathymetry contour using
the SWAN (Simulating WAves Nearshore) wave model. Anal-
yses of the wave runup, including the calculation of the 1%
and 0.2% total water levels (Ty,) as well as any overtopping
calculations is presented and discussed in Section 6. Section
7, "Coastal Erosion," discusses the steps used to determine
the degree of erosion that might occur on the dune-backed
beaches, including the approach used to define the duration
reduced erosion factor, important for further establishing
the initial conditions on which the runup and overtopping
calculations are ultimately performed. No such analyses are
performed for the coastal bluffs since these are considered
to be essentially non-erodible. Finally, Section 8, "Flood
Mapping" synthesizes all of the information and describes
the steps taken to draft new flood maps along the Coos
County shoreline.
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Figure 1-2. Three representative examples of the steps that may be taken to derive coastal flood hazard maps.
NDBC is National Data Buoy Center, and GROW is Global Reanalysis of Ocean Waves.
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2.0 COASTAL GEOLOGY AND GEOMORPHOLOGY OF COOS COUNTY

Coos County is located on the southwest Oregon coast,
between latitudes 43°36'39.33”"N (North Coos spit) and
42°57'15.67"N (central portion of New River spit), and
longitudes 124°29'3.29"W and 123°42'3.04"W. The ter-
rain varies from low-elevation sandy beaches and dunes on
the coast itself to elevations over 1,100 m (3,609 ft) inland.
Along the flank of the Coast Range mountains are a series
of marine terraces (Baldwin and others, 1973). The south-
ern part of the county (south of Cape Arago) is drained by
the Coquille River, which reaches the coast at Bandon, while
the northern part of the county is drained by the Coos River
(Figure 1-1).

2.1 Local geology

The geology of the region is characterized by a wide variety
of lithologic units. Along the coast the predominant units
consist of Quaternary alluvium and Quaternary sand that
make up the bulk of the shore between Fivemile Point (to
the north of the Bandon dunes golf course), and south along
the New River Spit (Baldwin and others, 1973; Peterson and
others, 2007). The sediments that compose the Bandon and

New River Spit beaches are derived from erosion of alluvial
terraces at the southern end of the littoral cell at Blacklock
Point in northern Curry County (generally yielding gravel to
coarse sand), and from the Coquille River (predominantly
fine sand). North of Cape Arago the shoreline is also com-
posed of Quaternary sand that makes up the North Coos
Spit and Horsfall Beach (Figure 2-1).

At Bandon the older rocks along the coastline are char-
acterized by a complex mix of bedded graywacke, sheared
mélange of the Jurassic Otter Point Formation of vary-
ing thickness, and marine and alluvial terrace sediments
(Marra, 2002). The ocean-facing bluffs, 12-26 m (40-85 ft)
high in the vicinity of Bandon, formed from erosion into the
Jurassic Otter Point Formation, are described by Marra as a
thick assemblage of resistant sandstone, siltstone, conglom-
erate, and volcanic rocks with random blocks of blueschist
(e.g., the north end of Bandon). Between Fivemile Point and
Cape Arago, the beaches are backed by a sequence of high
marine terraces formed from erosion into various siltstone
and sandstone units of the Coaledo and Elkton Forma-
tions (Figure 2-2). Midway along this stretch of coast, Cape
Arago formed from wave erosion into the Coaledo Forma-

Figure 2-1. Aerial view looking north along Bastendorff Beach and the North Coos Spit. Photo taken
by Jonathan Allan, DOGAMI, in August 2009.
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tion, which is characterized by tilted, cross-bedded sand-
stone rocks. More resistant sandstone beds form steep cliffs
around the headland or project into the sea as long paral-
lel ribs (Baldwin and others, 1973). Less resistant rocks
have been eroded to form small bays (re-entrants), such as
Sunset Bay.

2.2 Tsunami hazards associated with
the Cascadia subduction zone and
from distant earthquake sources

Considerable geologic evidence from estuaries and coastal
lakes along the Cascadia subduction zone provides evi-
dence for episodic occurrences of abrupt coastal subsid-
ence immediately followed by significant ocean flood-
ing associated with major tsunamis that swept across the
ocean beaches and also traveled well inland through the
bays and estuaries. Coastal paleoseismic records document
the impacts of as many as 13 major subduction zone earth-
quakes and associated tsunamis over the past ~7,000 years
(Kelsey and others, 2005; Witter and others, 2003; Witter
and others, 2010), while recent studies of turbidite records
within sediment cores collected in deep water at the heads
of Cascadia submarine canyons provide evidence for at

least 41 distinct tsunami events over the past ~10,000
years (Goldfinger, 2009; Goldfinger and others, 2003; Gold-
finger and others, 2009). The length of time between these
events varies from as short as a century to as long as 1,200
years, with the average recurrence interval for major Casca-
dia earthquakes (magnitude > [My,] 9) estimated to be ~530
years (Witter and others, 2010).

The most recent Cascadia subduction zone earthquake
occurred on January 26, 1700 (Atwater and others, 2005;
Satake and others, 1996) and is estimated to have been
magnitude (My) 9 or greater from the size of the tsunami
documented along the coast of Japan. From correlations
between tsunami deposits identified at multiple sites along
the length of the Pacific Northwest (PNW) coast this event
probably ruptured the full length (~1,200 km) of the sub-
duction zone.

There is now increasing recognition that great earth-
quakes do not necessarily result in a complete rupture of
the Cascadia subduction zone (i.e., rupture along the full
1,200-km fault zone); the paleorecord indicates that par-
tial ruptures of the plate boundary have occurred due to
smaller earthquakes with magnitudes (M) < 9 (Kelsey
and others, 2005; Witter and others, 2003). These partial
segment ruptures appear to occur more frequently on the

Figure 2-2. Bluff-backed beaches at Fivemile Point north of the Bandon Dune Golf Course. Note the
well-vegetated bluff face, indicating that the dunes have been stable for some time. Photo taken by
Jonathan Allan, DOGAM], in August 2009.
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southern Oregon coast, as determined from paleotsuna-
mi studies (stratigraphic coring, radiocarbon dating, and
marine diatom analyses) undertaken at several locations on
the southern Oregon coast, including Bradley Lake located
just south of Bandon, the Sixes River, and the Coquille estu-
ary. According to Kelsey and others (2005), initial estimates
of the recurrence intervals of Bradley Lake tsunami incur-
sion is typically shorter (~380-400 years) than average
recurrence intervals inferred for great earthquakes (~530
years). Furthermore, Kelsey and others have documented
from those records that local tsunamis from Cascadia earth-
quakes recur in clusters (~250-400 years) followed by
gaps of 700-1,300 years, with the highest tsunamis associ-
ated with earthquakes occurring at the beginning and end
of a cluster.

Recent analyses of turbidite records (Goldfinger, 2009;
Goldfinger and others, 2009) suggest that of the 41 events
in the geologic past:

¢ 20 events were probably associated with a rupture of
the full Cascadia subduction zone, characterized by a
magnitude (M) ~9 or greater earthquake;

e 2 or 3 events reflected a partial rupture (~75%) of
the length of the subduction zone, characterized by
an estimated earthquake magnitude (My,) of ~8.5-8.8
earthquake;

¢ 10 or 11 events were associated with a partial rupture
(~50%), characterized by an estimated earthquake
magnitude (M) of ~8.3-8.5 earthquake; and

o 8 events reflected a partial rupture (~25%), with an
estimated earthquake magnitude (My,) of ~7.6-8.4.

These last 19 shorter ruptures are concentrated in the
southern part of the margin and have estimated recurrence
intervals of ~240-320 years. Goldfinger (2009) estimated
that time-independent probabilities for segmented rup-
tures range from 7-9% in 50 years for a full margin rupture
to ~18% in 50 years for a partial southern segment rupture.

Aside from local tsunamis associated with the Cascadia
Subduction Zone, the Oregon coast is also susceptible to
tsunamis generated by distant events, particularly along
the coast of Japan, along the Aleutian Island chain, and from
the Gulf of Alaska. The most recent distant tsunami event
occurred on March 11, 2011, when a magnitude (My) 9.0
earthquake occurred 129 km (80 miles) offshore from the
coast of Sendai, northeast Honshu, Japan (Allan and others,
2012). This earthquake triggered a catastrophic tsunami
that within minutes inundated the northeast coast of Japan,
sweeping far inland; most recent reports indicate 15,854
dead and another 3,155 missing. Measurements derived
from a tide gauge on the impacted shore (Ayukawa, Ishino-

maki, Miyagi Prefecture) recorded a tsunami amplitude of
7.6 m before the gauge was destroyed by the initial tsunami
wave (Yamamoto, 2011), while post-tsunami surveys indi-
cate that tsunami water levels within the inundation zone
reached as high as 19.5 m (Mori and others, 2011). The tsu-
nami also propagated eastward across the Pacific Ocean,
impacting coastal communities in Hawaii and along the
west coast of the continental United States — Washington,
Oregon, and California.

Damage in Oregon, Washington, and northern California
from the tsunami was almost entirely confined to harbors,
including Depoe Bay, Coos Bay, and Brookings in Oregon,
and Crescent City in California. Damage was moderated
by the arrival of the tsunami’s highest waves during a rela-
tively low tide (Allan and others, 2012). At Crescent City, an
open-coast breakwater, the to-and-fro surge of the water
associated with the tsunami waves overturned and sank 15
vessels and damaged 47, while several boats were swept
offshore. Flood damage also occurred during the early
hours of March 12 at an RV park near the mouth of ElIk Creek
when a 1.05-m tsunami wave arrived, coinciding with high
tide. The total damage to the harbor and from this flood-
ing has been placed at $12.5 million. At Brookings, on the
southern Oregon coast, 12 fishing vessels had put to sea at
about 6 am, prior to the arrival of the tsunami waves. How-
ever, the Hilda, a 220-ton fishing boat and the largest in the
harbor, broke loose under the forces of the wave-induced
currents, washing around the harbor and smashing into and
sinking several other boats. Much of the commercial part
of the harbor and about one-third of the sports basin were
destroyed; total damage has been estimated at about $10
million.

Prior to the Tohoku tsunami, the previous most signifi-
cant distant tsunami occurred on March 27, 1964, when a
magnitude (My) 9.2 earthquake occurred near Prince Wil-
liam Sound in Alaska and generated a catastrophic local
tsunami; the effects of the tsunami was also felt around the
Pacific Basin. The tsunami caused significant damage to
infrastructure in the Oregon coastal communities of Seaside
and Cannon Beach and killed four people camping along
Beverly Beach in Lincoln County. However, on the south
coast of Oregon the wave did comparatively little damage.
For example, the tsunami at Bandon raised the tide by an
estimated 4 feet above the normal tide and caused consid-
erable surging upstream in the Coquille River (CH2M HILL,
1995).

In 2009 the Oregon Department of Geology and Mineral
Industries initiated a multi-year study to accelerate remap-
ping of the Oregon coast for tsunami inundation using state-
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of-the-art computer modeling and laser-based terrain map-
ping (lidar). The outcome of this effort will be the creation
of new and more accurate tsunami evacuation maps for the
entire length of the coast. DOGAM], in collaboration with
researchers at the Oregon Health and Science University
(OHSU; Zhang and Baptista), Oregon State University (Gold-
finger) and the Geological Survey of Canada (Wang), have
developed a new approach to produce a suite of next-gen-
eration tsunami hazard maps for Oregon (Priest and others,
2009; Witter and others, 2010). Modeling tsunami inun-
dation on the southern Oregon coast was initiated late in
2009 and consists of a range of scenarios, including 15 Cas-
cadia events and two distant earthquake source events (e.g.,
1964 Prince William Sound earthquake magnitude [My/]
9.2 earthquake [Witter, 2008]). Results from this effort are
scheduled to be completed for the entire southern Oregon
coast by the summer of 2010.

Associated with great Cascadia earthquakes is a nearly
instantaneous lowering (subsidence) of the coast by ~0.4 m
to as much as 3 m (Witter and others, 2003). This process
equates to raising sea level by the same amount along the
coast, which almost certainly would have initially resulted
in extensive erosion of the coast as the beaches and shore-
lines adjusted to a new equilibrium condition that over time
would have likely caused the erosion response to decrease
asymptotically (Komar and others, 1991). Komar and
others have argued that the extensive development of sea
stacks offshore from Bandon is evidence for massive ero-
sion following the AD 1700 earthquake and that the Bandon
shoreline has not experienced measurable erosion in more
than a century because much of the coast is now being
uplifted (estimated to be ~0.6 to 1.1 m) due to the Casca-
dia subduction zone having become locked, such that strain
is now building toward the next major earthquake. With
the release of energy from the next major earthquake and
consequent land subsidence, cliff erosion along the Bandon
shore would certainly begin again.

2.3 Coastal geomorphology

On the basis of geology and geomorphology the Coos County
shoreline can be broadly divided into six morphological
beach types (Figure 2-3 and Figure 2-4). These include:

1. Barrier beaches: The New River Spit reflects an active
barrier beach system and is composed of both mixed
sand and gravel and fine sandy beaches. These beach-
es are subject to periodic overtopping, dune blowouts,
and breaching of the barrier. Dunes have developed

along much of this stretch of the barrier shore and
have become stabilized by the introduction of Euro-
pean beach grass in the 1930s. Analyses of 2008 lidar
data indicate that dune crest elevations along the New
River Spit range from a height of 11.9 m (39 ft) near
the southern end of the spit to lows of less than 3 m
(10 ft) near the mouth of the river; the average dune
crest height is 8.1 m (27 ft, 6 = 1.9 m [6 ft]). The aver-
age beach slope (tan ) along the spit is 0.079 (o =
0.033), indicating that the beach foreshore is steep—
characteristics of mixed sand and gravel beaches.
However, a significant feature of the New River Spit
is the existence of a marked and regular alongshore
variation in its grain sizes and resulting beach slopes,
which is due to the mixing of gravels (coarse sand to
pebbles) derived from the erosion of Blackrock Point
to the south and finer sands from the Coquille River to
the north (Komar and others, 1991).

2. Dune-backed beaches: Dune-backed beaches char-
acterize three small sections of shore in the vicinity
of Bandon: Bullards Beach located to the north of the
north Coquille jetty and south of the Bandon Dunes
golf course, Bastendorff Beach near Coos Bay, and
along the North Coos Spit and Horsfall beach (Figure
2-1-Figure 2-4). Dune crest elevations are highest
along the North Coos Spit and Horsfall Beach, where
they reach 14.1 m (46 ft), and are on average lowest
at Bastendorff Beach, where they average 6.8 m (22
ft) high. The average beach slope (tan ) for all dune-
backed beaches is 0.067 (o = 0.021), indicating that
the beach foreshore is moderately steep, while the
lowest beach slopes can be found at Bastendorff
Beach (Figure 2-1).

3. Bluff-backed beaches: Bluff-backed beaches domi-
nate the shoreline adjacent to Bandon, and from the
Bandon Dunes golf course north to Cape Arago (Figure
2-2-Figure 2-4). The bluffs that back the beaches vary
in height from 9.7 m (32 ft) to as much as 53 m (174
ft). Beach slopes (tan 3) seaward of the bluffs are con-
sistently lower when compared with the dune-backed
beaches, averaging about 0.032 (o = 0.006). Along the
Bandon shoreline, the bluffs have an average slope of
26° and are well vegetated today (Figure 2-5) as well
as in historical photographs of this area dating back
for more than a century, indicating that they have not
been subject to significant wave erosion processes
along the toe of the bluffs during the twentieth cen-
tury.
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Figure 2-3. Geomorphic classification of the southern Coos County shoreline (New River spit to Cape Arago).

Oregon Department of Geology and Mineral Industries Special Paper 44



Coastal Flood Insurance Study, Coos County, Oregon

124”2|4‘O”V\/ 124°22'0"W 124°20'0"W 124”1|8‘O”W 124°16'0"W 124°14'0"W 124°12'0"W
N 0 1.5 3 Kilometers
é A
W — E
S |
43°34'0"N 43°34'0"N
43°32'0"N: 43°32'0"N
43°30'0"N=t o p=d3°30'0"N
43°28'0"Ns —=43°28'0"N
43°26'0"N-=d [=43°26'0"N
43°24'0"N '7 43°24'0"N
43°22'0"N: p=-43"22'0"N
1 '
Coastal_geomorpholgy |
Barrier beach /]
= Bluff-backed beach J
43°20'0"N=t /- p=43°20'0"N
Dune-backed beach 3
; Dune/bluff-backed beach
i
mm Cliff
43°18'0"N: Pocket beach —=43°18'0"N
30 m contour
Bathymetry (10 m contours)
2008 Shoreline
43°16'0"N £ = f 43°16'0"N
124"2'4‘0”\/V 124°22'0"W 124°20'0"W 124"1'8‘O'W 124”1'6'0”W 124°1I4'O"W 124°1l2‘0“W

Figure 2-4. Geomorphic classification of the northern Coos County shoreline (Cape Arago to North Coos Spit).
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4. Dune/bluff-backed beaches: These beaches charac-

terize a small section of shore to the north and south
of Johnson Creek in Bandon (Figure 2-6). At that site
the dunes are relatively small (dune crest = 7-11.9 m)
and could be periodically washed away during major
storms. The beaches are characterized by very low
beach slopes; average beach foreshore slope is 0.028
(0 =0.006). European beach grass has become estab-
lished on the developing dunes. Backing the beach
and dune are vegetated (stable) coastal bluffs that
span the bulk of the Bandon shore (e.g., Figure 2-5).

. Cliffs: Midway along the Coos County coastline is a

sequence of high coastal cliffs that mark the seaward
edge of the Cape Arago headland (Figure 2-7). These
cliffs have been formed by gradual wave erosion into
the sandstone of the Coaledo Formation and are sub-
ject to periodic rockfalls and landsliding. The Cape
Arago cliffs have an average elevation of 26.5 m (87
ft) but can exceed 80 m (262 ft). Seaward of the cliffs
there is a combination of rock reefs, shore platforms,
and boulder beaches.

6. Pocket beaches: Sunset Bay forms a small crescentic

pocket beach at the northwestern end of Cape Arago,
bounded by resistant sandstone cliffs on both sides of
the bay. The beach is protected from the large ocean
waves that typically form out of the west and south-
west Pacific during the winter. As a result, Sunset Bay
is exposed only to waves that refract around the Cape
Arago headland and waves that arrive from the north-
west. The arcuate shoreline of the beach within the
embayment is characterized by a composite morphol-
ogy that consists of a gently sloping fine sand beach
below the mean tide level, and a steeper sand beach
above mean tide level. The average beach foreshore
slope is 0.075 (o = 0.027). The crest of the beach
includes a low dune with an average crest elevation
of 5 m (16 ft).

e gl

Figure 2-5. Bluff-backed beaches characterize much of the shoreline at Bandon. Note the well-
vegetated bluff face. Bluff stability, as shown by the presence of thick vegetation that extends to the
beach, indicates that the bluff toe is rarely impacted by high wave runup elevations generated during
storms. This observation is supported by historical photos (late 1800s/early 1900s) of the Bandon
shore, which indicate that the bluffs have changed little over this time interval. Photo taken by Jona-

than Allan, DOGAM], in May 2007.
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Figure 2-6. Dune/bluff-backed beaches near Johnson Creek in Bandon during a small storm in Feb-
ruary 2009. Photo taken by Jonathan Allan, DOGAMI.

Figure 2-7. Steep cliffs characterize much of the coastal geomorphology at Cape Arago State Park.
Photo taken by Jonathan Allan, DOGAM], in March 2009.
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2.4 Coastal erosion and flood history

The Coos County shoreline is the product of a variety of pro-
cesses that have helped shape the morphology of the beach-
es and shorelines over the past several thousand years.
These include the effects from great earthquakes associated
with the Cascadia subduction zone that produced giant tsu-
namis that inundated significant areas of the coast as well
as lowered the coastal land elevations, thereby initiating a
new sequence of shoreline evolution. More recent effects
due to humans include the construction of jetties at the
mouths of the Coquille and Coos estuaries, and the intro-
duction of non-native dune grasses that have stabilized
significant stretches of the coast, thereby enhancing the
growth of dunes and dramatically changing the character
of the coast. This section briefly reviews these processes for
the Coos County shoreline.

2.4.1 Bandon shoreline

Beach morphodynamics along the Bandon shoreline today
is a function of the response of the coast to the most recent
AD 1700 Cascadia subduction zone earthquake, with the
coast now being emergent due to tectonic uplift, and human
effects associated with the construction of the Coquille jet-
ties. The primary sediment sources for the Bandon beaches
are fine sand that is carried down the Coquille River and
gravel (sand to pebbles) supplied by the erosion of Black-
lock Point, located to the north of Cape Blanco in northern
Curry County. Sand has also been lost from this stretch of
shore due to aeolian processes that have carried the finer
sand inland, where the sand has accumulated and formed
dunes, a loss that is particularly significant south of Bradley
Lake near Bandon, where a field of dunes has formed. Sand
dunes have also accumulated at the back of the beach along
the length of the New River Spit, a ridge of foredunes that
separates the ocean beach from the channel of the river.

To the south, erosion of Blacklock Point north of Cape
Arago is actively contributing coarser beach sediments to
the beach system. Analyses of changes in the position of
the bluff-top using historical aerial photos indicate that the
bluffs along Blacklock Point are eroding at rates of ~0.09
m per year (Komar and others, 2001). These coarser sedi-
ments move along the shore in a predominantly northward
direction, where they have mix with the finer sand contrib-
uted by the Coquille River to produce a longshore variation
in beach sediment grain sizes along this shore (see Figure 3
of Komar and others [2001]). Pebbles dominate the beach
sediments along the southern portion of the New River Spit,
while the sand content decreases away from the Coquille

River southward toward the southern end of the New River
Spit; this southward decrease of sand in the beach reflects
both the increasing distance away from the Coquille River
(the source of the sand) and the loss of the sand inland to
form dunes. The general patterns of sediment movement
identified by Komar and others (2001) do not reflect a pre-
vailing net longshore sediment transport in any particular
direction, as within the “pocket beach” littoral cells of the
Oregon coast the net transport is effectively zero (Komar,
1997). Nevertheless, sand and gravel derived from the
mixing of these two sediment sources has enabled the
New River Spit to prograde as the mouth of the river has
slowly migrated to the north in recent decades and as the
elevations of the foredunes has increased with time, aided
by the introduction of European dune grass. Over approxi-
mately 1.5 km near the tip of the Spit nearest the present-
day position of the river’s mouth, the beach is characterized
by intermittent clumps of low dunes, separated by zones
where winter storm waves actively wash over the spit. With
increasing distance southward, the dunes become progres-
sively higher and more effective at preventing overwash
during storms.

In the north along the Bandon bluffs, the beach and shore-
line are considered to be stable and appear geomorphi-
cally to be unchanged from photographs taken in the early
1900s. As can be seen in Figure 2-5, the bluffs are covered
by dense vegetation, mainly impenetrable brush (salal and
gorse), and have not been subject to wave-induced toe ero-
sion during the 140 years of settlement of Bandon (Komar
and others, 1991).

The Bandon jetties were constructed in the late 1800s at
the mouth of the Coquille River, and this locally resulted in
significant changes in the shorelines. Construction of the
jetties was initiated in December 1883. The response of the
shoreline is documented in Figure 2-8, derived from period-
ic surveys undertaken by the U.S. Army Corps of Engineers
(Komar and others, 1976). As can be seen in Figure 2-8, the
shoreline response in 1884 indicates that rapid accretion
took place south of the jetty. This accretion occurred in the
form of a sand spit that grew northward where it became
attached to the south jetty. East of the spit, the northward
advance of the spit effectively trapped a low area within the
accreted land, forming a lagoon shown in the 1891 survey
that still exists (Figure 2-8). Aside from the buildup of sand
south of the south Coquille jetty, aggradation also occurred
north of the north jetty. From this evidence and from simi-
lar studies undertaken elsewhere on the coast, this type of
response demonstrates the existence of a seasonally revers-
ing longshore sediment transport, northward during the
winter and southward in the summer, but with long-term
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Figure 2-8. Survey line drawings prepared by the U.S. Army Corps of Engineers prior to and during
construction of the Coquille jetties adjacent to Bandon (Komar and others, 1991).

net transport being effectively zero (Komar and others,
1976).

The shoreline adjacent to the Coquille jetties has been
broadly stable for some decades, although the dunes and
low-lying land characteristic of this area remain suscepti-
ble to both dune erosion and flooding from extreme ocean
waves coupled with high tides (Figure 2-9 and Figure 2-10).
Figure 2-9 and Figure 2-10 highlight the effects of a major
wave event that occurred on December 22, 2000, which
resulted in waves overtopping the parking lot adjacent to
the south Coquille jetty in the Bandon “triangle.” As can be
seen from the photos, wave runup inundated this section of
the shore, including the public rest room, carrying logs and

other forms of debris. Prior to this event, Komar and others
(1991) noted that the primary foredune in 1991 was char-
acterized by a steep seaward face, evidence that the dune
had been subject to recent wave undercutting; this feature
of the foredune remains the case today as described in Sec-
tion 3.3, "Recent coastal changes along the Bandon and
Bastendorff beaches." However, although there has been a
history of erosion with some overwash of accreted lands
immediately adjacent to the south jetty, there has not been
a major erosion event in recent decades. Komar and others
(1991) did observe drift logs buried at the base of the fore-
dune, suggesting that the dune had been breached in the
past but then reformed by aeolian processes.
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Figure 2-9. High wave runup and overtopping during a major storm (December 22, 2000) near the
south Coquille jetty at Bandon carried logs onto the main parking lot, adjacent to a public restroom.
Photo courtesy of ]. Marra, pers. commun., May 2010.

Figure 2-10. Wave overtopping during a major storm (December 22, 2000) surrounds the rest-
room and covers the parking lot adjacent to the south Coquille jetty at Bandon. Photo courtesy of J.
Marra, pers. commun., May 2010.
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Figure 2-11 is an historical 1939 aerial photo of the “tri-
angle” adjacent to the jetties. The photo has been rubber-
sheeted! using Esri ArcGIS® software so that it can be com-
pared with more recent orthorectified images of the area.
Included in the figure is a dashed cyan line that denotes
blowouts in the foredune that are likely to have been caused

! The process by which an historical aerial photograph can be distorted to allow
it to be seamlessly joined to an adjacent geographic layer of matching imagery,
such as an orthorectified aerial photograph. The rubbersheeting process
uses common ground control points (GCPs) evident in both photographs to
perform the distortion.

by a major storm(s), possibly an event in January 1939
(Figure 2-11). Evidence for the blowouts includes a large
number of logs and significant amounts of flotsam carried
well inland from the coast. The January 1939 storm result-
ed in extensive erosion elsewhere on the Oregon coast and
is thought to be one of the most significant events to affect
the coast in historical times (P. Komar, Emeritus Professor,
Oregon State University, pers. commun., December 2009).
According to Komar, the 1939 aerial photographs were
flown by the U.S. Army Corps of Engineers to document the
effects of the storm and constitute the first coastwide suite

Figure 2-11. 1939 aerial photograph of the Bandon “triangle” adjacent to the Coquille jetties showing
evidence of blowouts in the developing foredune that likely occurred during a major storm in January
19309.
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of aerial photographs of the Oregon coast. A comparison of
the shoreline mapped in 1939 with the 2009 shoreline indi-
cates little difference in the general position, reaffirming
the fact that there has been little net change in the position
of the shoreline over the past 70 years.

As part of the original flood information study under-
taken in Bandon, CH2M HILL (1995) compiled a history of
flood events between 1960 and 1993. These are summa-
rized in Figure 2-12.

As an example, one local resident described a storm
between 1945 and 1977, which generated ocean flooding

History of Coastal Flooding Events at South Jetty Area of Bandon, Oregon (January 1955 - April 1994)
Observed Estimated Return
Tide Level Period of Tide
Date Comments (ft, NGVD)* Level (yrs)
2/9/60 Beach erosion at foot of South Jetty with drift logs 1-2 dia. and stumps NHT —
3-4 dia. (est. from photos) washed est. 200’ into parking lot.
11/20/60 62 mph southwest winds at Bandon with high tides and surf. No NHT —
reported flooding, but flood damage at Newport and Tillamook.
10/12/62 Columbus Day wind storm “hurricane-like” winds caused 5.45 2
much damage but no reported flooding.
1/18/64 Stormy SW wind. Seafoam 2-3 ft. deep drifted into parking lot at S. Jetty. NHT —
12/1/67- Very high tides and “ferocious” winds wash logs into S. Jetty parking lot and NHT —
12/2/67 jetty access road. 10.1 ft tide (no datum reported) associated with flooding.
1/17/73 S.Jetty Road and top of S. Jetty littered with stumps 2-3 ft. dia 6.05 10
and 1 ft. (est) logs. Sand deposited on S. Jetty Road.
11/9/75 Worst windstorm since 1-/12/62. 145 mph gusts at C. Blanco. 100 MD —
mph W-NW gusts Bandon Airport. No flooding mentioned.
10/28/77 Highest waves in years. “Water surged 9.5 feet (?) instead of normal 1 foot in Bandon 4.63 <1
Harbor” Drift logs 1-2 ft dia washed into S. Jetty parking lot approximately 200 ft.
12/13/77 Foam and sheets of water surge over foot of S. Jetty. NHT —
2/7/78 3 ft. dia drift logs and wand on S. Jetty Road from high tide and breaking waves. 6.25 18
11/22/79 2-3 ft. diameter stumps and sand washed onto S. Jetty Road. High waves reported. NHT —
11/13/81- Est. 100 mph gusts at Bandon. Much wind damage. No reported flooding. 591 7
11/14/81
1/28/83 - Waves wash across S. Jetty Road opposite Bandon lighthouse 6.90 141
1/29/83 into freshwater pond. Coos County in process sof placing rock
(dates approx.) | along road shoulder to prevent further damage.
11/22/88 High tides and waves scattered foam over S. Jetty parking lot. 5.24 1.1
1/29/90 62-98 mph wind gusts. Driftwood tossed into S. jetty parking lot. “[Significant] NHT —
waves measured at 26 feet” at wave buoy 5 miles off Bandon’s Bar.
10/22 and Tree trunks piled high on the beach near S. Jetty parking lot. “Waves NHT —
10/24/90 [significant] measured 12 feet from seabed wave gauge just off the jetty.”
1/30/92- “Huge piles” of driftwood washed up on beach at the S. Jetty. NHT —
1/31/92
12/10/92- “Heavy surge” cuts through the bank behind Bandon Boatworks Restaurant 5.28 1.2
12/11/92 with new channel cut to Redmon Pond. Small driiftwood logs (4” dia)
deposited next to 2 houses immediately south of parking lot.
12/9/93- Ocean waves and river erode backshore shoreline vicinity of Redmon Pond N/A —
12/10/93
*Tide elevations based on observed tides at Crescent City, which is the primary reference station for tides at Bandon. Elevations shown are for
recorded monthly maximums. NHT = not highest monthly tide observed at Crescent City. MD = Missing data for month. N/A = Not available as of
late 1994 from NOAA.

Figure 2-12. History of coastal flooding events in the south jetty area of Bandon (January 1955 to

April 1994) (modified from CH2M HILL, 1995, Table 1-1).
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near the Bandon triangle that reached an estimated 5.6 m
(NAVD88)? elevation at the shore. It is interesting to note
that two of the most extreme storms to impact the Oregon
coast in recent decades (March 2-3, 1999 and December
2-3, 2007) did not result in any significant damage along
the Bandon shore. This was due to the fact that the storm
tracks were located farther north such that the bulk of their
energy was directed at the northern Oregon coast (e.g., Til-
lamook County and Clatsop County).

2.4.2 Bastendorff/Lighthouse Beach

Beach morphodynamics along Bastendorff Beach are not
too dissimilar from those observed along the Bandon shore.
Prior to construction of the Coos Bay jetties, the entrance to
Coos Bay reflected a rocky stretch of coast along its south
bank, while an extensive barrier spit was located to the
north that protected the Coos Bay estuary from the direct
effects of ocean waves. Jetty construction was initiated on
the north spit, and by the beginning of the twentieth cen-

tury the shoreline had prograded seaward by about 1 km
(~3,000 ft), while the shoreline had straightened signifi-
cantly as sand piled up against the north jetty. With the con-
struction of the south jetty early in the twentieth century, a
similar response was observed in the south (Figure 2-13).
Sand accreted against the jetty and against the rocky shore,
and the shoreline began to prograde seaward. As can be
seen in Figure 2-13, the shoreline rapidly prograded sea-
ward up until the 1960s. Since 1967, however, the shore-
line has essentially remained much the same, suggesting
that the beach has reached a quasi-equilibrium state with
the sediment transport processes. With shoreline progra-
dation having all but ceased by 1967, the back shore por-
tion of the beach rapidly became stabilized due to the intro-
duction of non-native beach grasses, particularly European
beach grass, and from growth of shore pines immediately
landward of the primary dune (Figure 2-14 and Figure
2-15). This type of response is characteristic of the entire
length of Bastendorff Beach. Farther south, at Lighthouse
Beach, the shoreline in 1967 and again in 2008 is essen-
tially unchanged from its position in the
1920s. This indicates that the effects of jetty

Legend
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= — Shoreline_1967
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construction did not extend south of Bas-
tendorff Beach and furthermore that the
shoreline has been broadly stable over the
past 80-90 years.

Figure 2-13. Historical shoreline changes at Bas-
tendorff Beach adjacent to the Coos Bay jetties. The
photo is of the beach in 1939.
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Figure 2-14. Historical shoreline
changes at Bastendorff Beach ad-
jacent to the Coos Bay jetties. The
photo is of the beach in 1967 and
shows the degree to which the back-
shore has become stabilized due
to introduction of European beach
grass and from growth of shore
pines.

Figure 2-15. Photo of Bastendorff
Beach on April 9, 2010, showing the
well-vegetated foredune and back-
shore. Photo taken by Jonathan Al-
lan, DOGAMI.

Legend
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3.0 BEACH AND BLUFF MORPHOLOGY ASSESSMENTS

Field surveys were undertaken during the 2008-2009
winter along the two “limited detailed” beach study sites
(Bandon, and Bastendorff and Lighthouse Beach) in Coos
County. The purpose of these surveys was to provide mea-
surements of the beach in its most eroded state (i.e., most
eroded winter profile) in order to define the morphology,
elevation, and slope of the beach face for use in subsequent
wave runup and overtopping computations. Surveying at
Bandon was carried out over a period of three days on Feb-
ruary 8-10, 2009, and on March 8-10, 2009, at Bastendorff
and Lighthouse Beach, respectively. In both cases, the sur-
veys were completed late in the winter season when Oregon
beaches are typically in their most eroded state (Aguilar-
Tunon and Komar, 1978; Allan and Hart, 2008; Allan and
Komar, 2002b; Komar, 1997). A total of 21 transects were
established along the Bandon shoreline, while 11 transects

were established between Sunset Beach State Park and Bas-
tendorff Beach, adjacent to the mouth of Coos Bay (Figure
3-1).

3.1 Survey methodology

Beach profiles that are oriented perpendicular to the shore-
line can be surveyed using a variety of approaches, includ-
ing a simple graduated rod and chain, surveying level and
staff, Total Station theodolite and reflective prism, light
detection and ranging (lidar) airborne altimetry, and RTK-
DGPS technology. Traditional techniques such as leveling
instruments and Total Stations are capable of providing
accurate representations of the morphology of a beach but
are demanding in terms of time and effort. At the other end
of the spectrum, high-resolution topographic surveys of the

Figure 3-1. Location map of beach profiles (yellow lines) measured (left) at Bandon and (right) at Bastendorff Beach in Coos County.
The red line denotes the position of the mean higher high water (MHHW) shoreline in 2008..
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beach derived from lidar are ideal for capturing the three-
dimensional state of the beach over an extended length of
coast within a matter of hours; other forms of lidar technol-
ogy are now being used to measure nearshore bathymetry
out to moderate depths but are dependent on water clarity.
However, lidar technology remains expensive and is imprac-
tical along small segments of shore and, more importantly,
the high cost effectively limits the temporal resolution of
surveys and hence the ability of the end-user to understand
short-term changes in the beach morphology (Bernstein
and others, 2003).

Within this range of technologies, the application of
RTK-DGPS for surveying the morphology of both the sub-
aerial and subaqueous portions of the beach has effective-
ly become the accepted standard (Bernstein and others,
2003; Morton and others, 1993; Ruggiero and others, 2005;
Ruggiero and Voigt, 2000) and is the surveying technique
used in this study. The Global Positioning System (GPS) is
a worldwide radio-navigation system formed from a con-
stellation of 30 satellites and their ground stations, origi-
nally developed by the U.S. Department of Defense. In its
simplest form, GPS can be thought of as triangulation with
the GPS satellites acting as reference points, enabling users
to calculate their position to within several meters (e.g.,
by using inexpensive off-the-shelf handheld units), while
survey-grade GPS units are capable of providing positional
and elevation measurements that are accurate to a centi-
meter. At least four satellites are needed mathematically to
determine an exact position, although more satellites are
generally available. The process is complicated because all
GPS receivers are subject to error, which can significantly
degrade the accuracy of the derived position. These errors
include the GPS satellite orbit and clock drift plus signal
delays caused by the atmosphere and ionosphere and mul-
tipath effects (where the signals bounce off features and
create a poor signal). For example, handheld autonomous
receivers have positional accuracies that are typically less
than about 10 m (<~30 ft), but can be improved to less than
5 m (<~15 ft) using the Wide Area Augmentation System
(WAAS). This latter system is essentially a form of differen-
tial correction that accounts for the above errors, which is
then broadcast through one of two geostationary satellites
to WAAS-enabled GPS receivers.

Greater survey accuracies are achieved with differential
GPS (DGPS) using two or more GPS receivers to simultane-
ously track the same satellites—enabling comparisons to
be made between two sets of observations. One receiver
is typically located over a known reference point, and the
position of an unknown point is determined relative to
that reference point. With more sophisticated 24-channel

dual-frequency RTK-DGPS receivers, positional accuracies
can be improved to the subcentimeter level when operat-
ing in static mode and to within a few centimeters when
in RTK mode (i.e., as the rover GPS is moved about). In
this study we used a Trimble® 24-channel dual-frequency
5700/5800 GPS, which consists of a GPS base station (5700
unit), Zephyr Geodetic™ antenna, HPB450 radio modem,
and 5800 “rover” GPS (Figure 3-4). Trimble reports that the
5700/5800 GPS system has horizontal errors of approxi-
mately #1 cm + 1 ppm (parts per million x the baseline
length) and #2 cm in the vertical (Trimble, 2005).

To convert a space-based positioning system to a ground-
based local grid coordinate system, a precise mathematical
transformation is necessary. While some of these adjust-
ments are accomplished by specifying the map projection,
datum, and geoid model prior to commencing a field survey,
an additional transformation is necessary whereby the GPS
measurements are tied to known ground control points.
This latter step is called a GPS site calibration, such that the
GPS measurements are calibrated to ground control points
with known vertical and horizontal coordinates using a rig-
orous least-squares adjustment procedure. The calibration
is initially undertaken in the field using the Trimble® TSC2™
GPS controller and then re-evaluated in the office using
Trimble Geomatics Office™ software.

Survey control (Table 3-1) along the Bandon shore was
provided by occupying two National Geodetic Survey (NGS)
monuments and one Watershed Sciences, Inc. (WS) bench-
mark.? At Bastendorff Beach, survey control was provided
by one NGS and two WS benchmarks. For both surveys,
additional control and field checking was provided using
the Online Positioning User Service (OPUS) maintained
by the NGS (http://www.ngs.noaa.gov/OPUS/). OPUS pro-
vides a simplified way to access high-accuracy National
Spatial Reference System (NSRS) coordinates using a net-
work of continuously operating GPS reference stations
(CORS, http://www.ngs.noaa.gov/CORS/). In order to use
OPUS, static GPS measurements are typically made using a
fixed height tripod for periods of 2 hours or greater. OPUS
returns a solution report with positional accuracy confi-
dence intervals for adjusted coordinates and elevations for

3 As part of calibrating the light detection and ranging (lidar) surveys of the
southern Oregon coast, Watershed Sciences, Inc. established numerous survey
monuments on the south coast. Coordinates assigned to these monuments
were derived using the Online Positioning User Service (OPUS) maintained
by the NGS (http://www.ngs.noaa.gov/OPUS/). In many cases, the same
benchmarks were observed multiple times and the horizontal and vertical
coordinates were continually updated. Given the high level of accuracy
assigned to the Watershed Sciences monuments, we used their coordinates
and elevations in place of NGS reported values to perform GPS site calibrations
at both Bandon and Coos Bay. More detailed information about the survey
procedures used by Watershed Sciences can be found in Appendix A.
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Figure 3-2. The Trimble® 5700 base station antenna located over a known reference point at Cape
Lookout State Park, northern Oregon coast. Corrected GPS position and elevation information is then
transmitted by an HPB450 base radio modem to the 5800 GPS rover unit.

Table 3-1. Survey benchmarks used to calibrate GPS surveys of the beach at Bandon
and Bastendorff Beach, Coos County, Oregon.

Study Area Benchmark Name Northing (m) Easting (m) Elevation (m)
Bandon 0A0424* - NGS/OPUS 168317.314 1179842.918 25.095
DH7020 - WS/OPUS 165128.177 1181992.590 34.681
0A0754 - WS/OPUS 166508.606 1181403.971 25.899
OLCJN8 - WS/OPUS 172882.656 1184660.963 6.866
Bastendorff Beach ~ DH7197 - NGS 193386.414 1190052.313 4.470
OLC5PGW1 - WS/OPUS 194194.631 1189042.650 24.004
OLCPWH17 - WS/OPUS 194670.870 1209846.912 4952
GPSBASE 1* - OPUS 194008.043 1188400.312 6.320
GPSBASE 2* - OPUS 194008.028 1188400.297 6.365
sunset pk - DOGAMI/OPUS 192345.181 1186013.440 5.349
arago pk - DOGAMI/OPUS 189485.789 1183657.742 37.734

Asterisk signifies the location of the GPS base station during each respective survey. NGS denotes National
Geodetic Survey monument, WS denotes Watershed Sciences, Inc. monument, NGS/OPUS signifies OPUS
(Online Positioning User Service) derivation solution. DOGAMI denotes Oregon Department of Geology and
Mineral Industries.
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the observed point. In all cases we used the Oregon State
Plane coordinate system, southern zone (meters), while the
vertical datum is relative to the North American Vertical
Datum of 1988 (NAVDS88).

For the Bandon survey, the 5700 GPS base station was
located on NGS monument 0OA0424 (Table 3-1), using a
2.0-m fixed-height tripod. Survey control was provided by
undertaking 180 GPS epoch measurements (~ 3 minutes of
measurement per calibration site) using three calibration
sites (Table 3-1), enabling us to perform a GPS site calibra-
tion that brought the survey into a local coordinate system
(Figure 3-3). This step is critical in order to eliminate vari-
ous survey errors that may be compounded by factors such
as poor satellite geometry, multipath, and poor atmospheric
conditions, combining to increase the total error to several
centimeters. Table 3-2 shows the relative errors identified
when compared against the reported values determined
by the NGS and Watershed Sciences. To further validate

Figure 3-3. A 180-epoch calibration check is performed on a survey
monument (OLC5PGW1) established by WS near the Coast Guard
observation tower at the mouth of Coos Bay. This procedure is im-
portant for bringing the survey into a local coordinate system and for
reducing errors associated with the GPS survey.

the accuracy of the GPS base station, an OPUS solution was
derived from nearly 6 hours of GPS measurements on bench-
mark 0A0424. Table 3-2 indicates that horizontal errors at
the GPS base station (0A0424) were less than 2 cm, while
the vertical error was 1 mm. Similarly, errors observed at
the other control sites were found to be low (Table 3-2).

At Bastendorff and Lighthouse Beach, the 5700 GPS base
station was located over a temporary benchmark estab-
lished in the dune. Survey control was provided by undertak-
ing 180 GPS epoch measurements using seven calibration
sites (Table 3-1), including an NGS tidal reference bench-
mark (DH7197). OPUS solutions were derived from two 5-6
hour static GPS occupations for comparative purposes and
for survey control. Extended occupations (> 2 hours) were
also undertaken on the arago pk and sunset pk benchmarks
and processed using OPUS to derive coordinates for these
two temporary monuments. After all these data were pro-

Table 3-2. Comparison of horizontal and vertical coordinates
derived by the NGS, WS, OPUS, and DOGAMI.

Northing Easting Elevation
Study Area Name (m) (m) (m)
Bandon
0A0424" -0.009 0.017 -0.002
DH7020# -0.007 -0.005 0.001
0A0754* 0.007 0.006 0.001
OLCJN8* 0.000 -0.002 0.000
Bastendorff Beach
DH7197" -0.074 0.010 0.011
OLC5PGW1* 0.010 -0.015 -0.013
OLCPWH17* -0.004 0.006 0.000
GPSBASE 1% -0.009 -0.012 0.018
GPSBASE 2% 0.003 0.010 -0.018
sunset pk” 0.016 0.001 -0.002
arago pk” -0.003 0.023 0.004

* Denotes comparison between Trimble® Geomatics Office solution
(i.e, DOGAMI) and NGS OPUS solution.
#Denotes comparison between multiple WS occupations and
NGS benchmark datasheets.
* Denotes comparison between WS datasheet and DOGAMI GPS survey.
“Denotes comparison between DOGAMI and NGS OPUS solution.
Grey shading indicates horizontal and vertical coordinates that were
NOT used to calibrate the field survey.
NGS is National Geodetic Survey, WS is Watershed Sciences, Inc.,
OPUS is NGS Online Positioning User Service, and DOGAMI is Oregon
Department of Geology and Mineral Industries.
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cessed, a site calibration was performed.* From analyses of
the statistics it was found that the best solution involved
using the horizontal and vertical coordinates from several
of the sites (OLC5PGW1, OLCPWH17, GPSBASE 1, GPSBASE
2, sunset pk, and arago pk), while only vertical control was
used from the tidal benchmark DH7197. Processing these
data yielded coordinates that were directly comparable to
the OPUS solutions derived for GPSBASE 1 and GPSBASE 2
(Table 3-2). Table 3-2 indicates that horizontal and vertical
errors at the various monuments were less than 2 cm, while
the vertical error ranged from 5 mm to 1.8 cm.

* In our original analyses of the GPS data, we had used a third Watershed
Sciences monument (OLC6MSD3) to provide some initial survey control.
Subsequent re-analyses of the beach survey calibration file for Bastendorff
Beach revealed an error in the site calibration possibly due to one of the
control monuments (OLC6MSD3) having shifted. This was determined
when we carried out two additional (>2 hour) occupations of the DOGAMI
benchmarks, sunset pk and arago pk (Table 3-1). The data were submitted
to NGS OPUS for postprocessing and confirmed that our initial results were
off by ~0.15 m (sunset pk) and 0.35 m (arago pk). Removing the OLC6MSD3
benchmark data from the site calibration and replacing the xyz values for both
the arago and sunset pk benchmarks with the xyz values determined through
OPUS significantly improved the accuracy of the survey. The effect on the
beach profile transects was to raise the elevations of the profiles (~0.05 m at
the Coos 1 profile site to ~0.15 m at the Coos 12 profile site).

After the local site calibration was completed, cross-shore
beach profiles were surveyed with the 5800 GPS rover unit
mounted on a backpack, worn by an operator (Figure 3-4).
This was undertaken during periods of low tide, enabling
more of the beach to be surveyed. The approach was to walk
from the landward edge of the primary dune or bluff edge,
down the beach face, and out into the ocean to approximate-
ly wading depth. A straight line perpendicular to the shore
was achieved by navigating along a predetermined line dis-
played on a handheld Trimble® TSC2™ computer controller
connected to the 5800 rover. The computer shows the posi-
tion of the operator relative to the survey line and indicates
the deviation of the GPS operator from the line. The hori-
zontal variability during the survey is generally minor, typi-
cally less than about £0.25 m either side of the line (Figure
3-5), which results in negligible vertical uncertainties due
to the relatively uniform nature of beaches characteristic of
much of the Oregon coast (Ruggiero and others, 2005). On
the basis of previous research at numerous sites along the
Oregon coast, this method of surveying can reliably detect
elevation changes on the order of 4-5 cm, that is, well below
normal seasonal changes in beach elevation, which typical-
ly varies by 1 to 2 m (3 to 6 ft) (Allan and Hart, 2007, 2008;
Ruggiero and others, 2005).

Figure 3-4. Surveying the morphology of the beach at Bandon using a Trimble® 5800 “rover” GPS.
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Analysis of the beach survey data involved a number of
stages. The data were first imported into MATLAB®® using
a customized script. A least-squares linear regression was
then fit to the profile data. The purpose of this script is to
examine the reduced data and eliminate those residuals
(e.g., Figure 3-5) that exceed a +0.5-m horizontal thresh-
old on either side of the predetermined profile line. The
data are then exported into a Microsoft® Excel® database
for archiving purposes. A second MATLAB script takes the
Excel profile database and plots the survey data (relative to
the earlier surveys) and outputs the generated figure as a
Portable Network Graphics (PNG) file. Appendix B shows
the reduced beach profile data for the Bandon shore, while
Appendix C covers those profiles measured at Bastendorff
Beach adjacent to the mouth of Coos Bay.

To supplement the GPS beach and bluff data, high-resolu-
tion lidar data measured by WS in 2008 for DOGAMI were
also analyzed and integrated into the beach profile dataset.
This was especially the case for backshore areas where it
was not possible to easily survey with the GPS gear. In addi-
tion, lidar data flown by the U.S. Geological Survey (USGS),
National Aeronautics and Space Administration (NASA),

5 Computer programming languages.

and National Oceanic and Atmospheric Administration
(NOAA) in 1998 and 2002 were also used to extend the
time series of the beach and bluff profile data. In particular,
the 1998 lidar data measured at the end of the major 1997-
1998 El Nifio was analyzed, providing additional measure-
ments of the beach in an eroded state that can be compared
with more recent winter surveys of the beach. The 1998 and
2002 lidar data were downloaded from the NOAA Coastal
Service Center® and gridded using a triangulated irregular
network (TIN) approach. The distance and elevation data
were then extracted from the gridded lidar data.

3.2 Beach characterization

Analyses of the beach profile data were undertaken using
additional scripts developed in MATLAB. The profile analy-
sis script requires the user to interactively locate the posi-
tions of the seaward edge and crest of the primary frontal
dune backing the beach, and then evaluate the beach-dune
juncture (E)) elevations for the 1998, 2002, 2008, and 2009
profiles, and beach slopes (tan 8) at each transect site. Beach
slope was determined by fitting a linear regression through

¢ http://www.csc.noaa.gov/digitalcoast/data/coastallidar/index.html

0.300
°
0.200 - . =
°
E ° L e - o,
~ : °
ch a0 * ‘.. " P e® o (]
= e 00 .' ) [ ] F ] ° -
q;)‘ 0.000 _4.00.‘ — ° S e%e o0 .o
L] ™Y 'Y ° 0 @ ‘.. -
8 S o c ® L) ..
E 0100 {---% S e
= ®
[ ]

% -0.200 4 B e v %‘" S
Y 2
i)
o)
x -0.300 | o

-0.400

1180220.0 1180260.0 1180300.0 1180340.0 1180380.0
Easting (m)

Figure 3-5. Residuals of GPS survey points relative to zero (transect) line. Example reflects
the Bandon 3 profile line. Dark grey shading indicates 68.3% of measurements are located
+0.096 m (10) from the transect line, while 95.5% (20) of the measurements are located
within £0.192 m of the profile line (grey shading).
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the measured GPS data. In all cases, the slope of the beach
face was determined to be the region of the beach located
between mean sea level (1.09 m, MLLW [mean lower low
water]) and the highest observed tide (3.26 m, MLLW), an
approach that is consistent with methodologies adopted by
previous workers (Ruggiero and others, 2005; Stockdon and
others, 2006). Determination of the location of the beach-
dune juncture (E;) was accomplished interactively using
the MATLAB script and from local knowledge of the area. In
general, the beach-dune juncture (E)) reflects a major break
in slope between the active part of the beach face and the
toe location of the primary dune. For most sites along the
Oregon coast, the beach-dune juncture (E)) typically occurs
at elevations between about 4 and 6 m (NAVD88). Figure
3-6 provides an example of identified beach-dune junc-
tures (E;) determined for one site on the North Coos Spit.
In this example, it is apparent that the beach has undergone
significant erosion during the past decade, having eroded
landward by 25.2 m (82.7 ft) since 1998 as measured at the

6-m contour elevation. Analysis of the profile data indicates
that the beach-dune juncture (E;) has varied in elevation, a
function of repeated phases of both erosion and accretion
events. As of summer 2008, a prominent erosion scarp had
formed and the beach-dune juncture reflected the toe of
the scarp, located at an elevation of 5.7 m” (18.7 ft). Figure
3-6 also identifies the crest of the primary dune as well as
the landward boundary of the primary frontal dune. These
latter data are used later to develop V zones in those areas
where no detailed coastal study was undertaken.

To estimate beach erosion and profile changes for a spe-
cific storm, it is essential to first determine the conditions
of the morphology of the beach prior to the actual event of
interest (NHC, 2005). This initial beach profile is referred to
as the most likely winter profile (MLWP) condition for that
particular coastal setting. The MLWP was assessed from an

7 All elevations are relative to the North American Vertical Datum of 1988
(NAVD88) unless otherwise stated.

Coos profile 1266

10 T T T

€ 8 CrestElev.(08)=9.11
©
8 s
Z
P4
= 4r
h=l
T
3 2 — Apro8
w Sep02

0 summer08 | |

1 1 1 T
250 200 150 100 50 0
10 T T T T T T
Ej98 = 5.25

€ 8- Beach slope = 5.30.degrees
= Ej02=17.11 {
& Beach slope = 6.08
2 6 Ejog=566 7
S Beach slope = 5.52
s 4 .
i<l
T
8 2 1
w

or I I I I I I I ]

220 200 180 160 140 120 100 80

Horizontal Distance (m)

Figure 3-6. Plots showing (top) the location of the dune crest and the landward extent of the pri-
mary frontal dune (PFD), and (bottom) the beach-dune junctures identified from lidar data on the
North Coos Spit. Example plot provides a dramatic example of recent erosion along the spit.
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examination of the combined profile data. Figure 3-7 pro-
vides an example for the Bandon 3 and 5 profile sites. In
both cases the April 1998 lidar data best characterize the
MLWP, but for different sections of the beach. In the case of
the Bandon 3 site (Figure 3-7, top), the April 1998 data show
an eroded profile between the zero datum and the 4-m (13
ft) elevation contour. However, because the 1998 data do
not capture the morphology of the beach below mean lower
low water (MLLW), while the upper part of the dune face
has eroded landward since 1998, we have incorporated the
February 2009 GPS survey for these sections of the beach.
In the case of the Bandon 5 site the MLWP is established for
the upper beach face (Figure 3-7, bottom), while the GPS
survey documented the lower beach elevations below mean
higher high water (MHHW). Like the Bandon 3 profile, here
we combine data from the April 1998 lidar with the GPS
survey data. Landward of the dune crest, information on

the backshore topography was derived by incorporating the
actual measured GPS data, as those data provided the best
representation of the actual ground surface. Where GPS
survey data were not available, we used topographic data
derived from the 2008 lidar flown for DOGAMI.

Tables 3-3 and 3-4 summarize the morphological param-
eters identified for each transect site at Bandon and at Bas-
tendorff Beach, including a geomorphic classification of the
site. Figure 3-8 provides a plot of the alongshore changes
in beach slopes (tan (), beach-dune juncture (E)) eleva-
tions, and where applicable the dune crest and/or bluff
top. In general, sediment grain sizes are coarsest nearer the
south Coquille jetty and become finer to the south. Grain
size analyses by Peterson and others (1994) indicated that
mean grain sizes (M,) ranged from coarse sand (M, = 0.68
mm * 0.36 mm) nearest to the Coquille River and decreased
in size toward the south, where the sediments are classi-
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Figure 3-7. Example plots of the combined beach profile data for (top) Bandon 3 and (bottom) Bandon
5 sites. Wiggly lines that characterize the April 1998 and September 2002 lidar data on the lower beach
face at Bandon 3 are wave bores associated with broken waves. Progradation of the beach face in 2002 at
Bandon 5 indicates the development of a berm as sand eroded from the beach during the previous winter
is returned to the beach face. Note: MHHW denotes the mean higher high water level as measured by the

Charleston tide gauge (2.095 m).
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Table 3-3. Identified beach morphological parameters Table 3-4. Identified beach morphological parameters from
from the most likely winter profile (MLWP) at Bandon. the most likely winter profile (MLWP) at Bastendorff Beach.
Beach-Dune Beach-Dune
Dune Crest/ Junction, Beach Dune Crest/ Junction, Beach
Profile Bluff Top Ejmwp Slope Site Profile  Bluff Top Ejmwp Slope Site
No. (m) (m) (tan B) Description No. (m) (m) (tan B) Description
1 6.76 5.30 0.079 dune backed 1 6.88 5.56 0.038 dune backed
2 7.31 6.07 0.092 dune backed 2 7.27 5.28 0.036 dune backed
3 742 4.89 0.078 dune backed 3 6.63 5.10 0.026 dune backed
4 8.59 5.14 0.075 dune backed 4 5.76 4.13 0.023 dune backed
5 6.84 4.99 0.050 dune backed 5 6.21 4.83 0.039 dune backed
6 6.28 / 24.0 3.66 0.042  dune/bluffbacked 6 7.30 4.73 0.037 dune backed
7 6.24 /253 4.58 0.032  dune/bluff backed 7 18.3 5.80 0.101 bluff backed
8 24.8 4.15 0.024 bluff backed 8 18.5 5.02 0.078 bluff backed
9 24.6 3.89 0.034 bluff backed 9 18.1 5.10 0.087 bluff backed
10 25.7 3.74 0.034 bluff backed 10 16.5 6.66 0.072 bluff backed
11 20.3 4.17 0.032 bluff backed 11 19.1 3.83 0.060 bluff backed
12 22.8 3.30 0.026 bluff backed 12 5.43 491 0.068 dune backed
13 20.1 4.81 0.032 bluff backed
14 6.54 /18.8 3.88 0.028  dune/bluff backed
15 8.80 /19.0 4.79 0.033  dune/bluff backed
16 7.10 /15.4 4.40 0.024  dune/bluff backed
17 10.2 /15.5 4.82 0.024  dune/bluff backed
18 6.59 4.27 0.021  dune/bluff backed
19 9.61/16.1 3.84 0.013  dune/bluff backed
20 10.57 / 15.6 593 0.030  dune/bluff backed
21 10.14 / 14.0 4.53 0.026  dune/bluff backed
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Figure 3-8. Alongshore changes in (left) beach slopes (tan ), and (right) beach-dune juncture (E;)
elevations and dune/bluff crest/tops along the Bandon shore. Grey line denotes those beaches that
are backed by both a foredune and a bluff.
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fied as medium sand (M, = 0.28 mm +0.06 mm) south of
Coquille Point. This longshore variation is reflected by the
parallel changes in beach slopes (a function of the sedi-
ment grain size) along this stretch of shore, with steeper
slopes in the north adjacent to the south Coquille jetty and
gentler slopes predominating south of the Bandon 6 pro-
file site (Figure 3-8, left). As can be seen in Table 3-3 and
in Figure 2-3, much of the shoreline at Bandon is protected
by moderately high bluffs, which range in height from 14
to 24 m (46-79 ft). The bluffs are highest in the central to
northern portion of the shore and decrease in elevation to
the south, where a small section of the shore (between the
Bandon 21 and Bandon 14 profile sites) exhibits a develop-
ing dune system that fronts a coastal bluff (Figure 2-6). In
the north, between the Bandon 6 and Bandon 1 profile sites
(Figure 3-1), the beach is backed by a low dune. This section
of beach is the product of jetty construction at the mouth of
the Coquille River (Section 2.4.1), which has enabled sand

to become trapped and over time, vegetated by European
beach grass.

At Bastendorff Beach, sediment grain size is significantly
finer compared with the sediments along the Bandon shore.
Analyses by Peterson and others (1994) indicate that the
mean grain sizes are approximately 0.19 mm (+0.05 mm).
Accordingly, the beach slopes tend to be relatively low slop-
ing, while the foreshore is backed by a generally low fore-
dune, with elevations that range from 5.8 to 7.3 m NAVD88
(19-24 ft) (Table 3-4). As can be seen in Figure 3-9, the
low backshore elevations located between the 0 and 130
m horizontal distance (0-427 ft) reinforce the fact that the
shoreline likely advanced rapidly following jetty construc-
tion, while the higher, more seaward foredune present
today suggests that progradation of the shore has slowed,
allowing the dune to begin to aggrade vertically. This is
entirely consistent with the post-jetty shoreline responses
described previously in Section 2.4.2. South of Bastendorff
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Figure 3-9. The Coos 2 profile site indicating the generally low backshore elevations that suggest
that the beach probably prograded rapidly seaward following jetty construction, while the high con-
temporary foredune indicates that the shoreline has stabilized.
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Beach at Lighthouse Beach, the slopes of the beach are sig-
nificantly steeper (Table 3-4), becoming broadly similar to
beach slopes adjacent to the Coquille jetties. Along this sec-
tion of shore the beach is backed by a prominent bluff with
crest elevations that range from 16 to 19 m (52.5-62 ft) that
effectively preclude wave overtopping along this stretch of
shore.

3.3 Recent coastal changes along the
Bandon and Bastendorff beaches

This section briefly reviews beach profile changes over the
past decade that have been documented by lidar and recent
GPS surveys of the shore. In general, beach profile changes
along the Bandon “triangle” adjacent to the Coquille jetties
(Bandon 1, 2, 5, and 6 sites) indicate that the shore was in its
most eroded state following the major 1997-1998 El Nifio.
However, since then the beach has regained much of the
sand that was lost in the late 1990s. In contrast, two of the
transects (Bandon 3 and 4) that cross a small dune along
the “triangle” contain less sand than was present in the late
1990s, making those sites more susceptible to future ero-
sion and potentially overtopping and inundation.

Profile changes along the Bandon bluffs from Bandon 7
to 13 indicate little overall change during the past decade.
However, between the Bandon 14 and 18 profile sites, the
beach and foredune has gained sand, enabling the foredune
to both aggrade vertically and prograde seaward. This sec-
tion of shore is therefore generally in a much healthier state
compared to its condition in the late 1990s. At the Bandon
19 profile site, the beach has eroded landward mostly due
to the migration of Johnson Creek to the south, allowing the
beach foreshore to remain in a saturated state and thereby
contributing to the erosion of this stretch of shore. Finally,
the Bandon 20 and 21 profile sites have also gained signifi-
cant amounts of new sand, which has enabled the foredune
to aggrade vertically. The foredune protects backshore
properties located landward of this section of coast.

Along Bastendorff Beach, no change has occurred in the
morphology of the beach over the past decade at Coos 1
and 2 profile sites. However, south of these sites, erosion of
the beach increases. For example, the Coos 5 and 6 profiles
sites indicate that the beachface has eroded landward some
10-20 m (33-66 ft) during the past decade. In contrast,
the Coos 7-11 profile sites have shown little to no change
in the position of the bluff face. Finally, at Sunset Bay State
Park the Coos 12 profile site indicates that the beach face
has experienced some minor erosion over the past decade;
the upper portion of the beachface has eroded landward by
about 5 m (16 ft).

3.4 Bathymetry

Information on the local bathymetry offshore from the Coos
County coast is particularly important for the purposes of
undertaking numerical wave modeling in order to trans-
form waves into the nearshore, and for determining various
morphological features such as the slope of the nearshore.
In the absence of undertaking our own nearshore bathy-
metric surveys, we have used data compiled by the National
Geophysical Data Center (NGDC), an office of the National
Oceanic and Atmospheric Administration (NOAA), for the
purposes of developing an integrated bathymetric-topo-
graphic digital elevation model (DEM) for tsunami inunda-
tion modeling. The synthesized bathymetric-topographic
DEM (Port Orford?®) is a 1/3 arc-second (approximately 10
m [~33 ft]) DEM of the southern Oregon coast that spans all
of Coos County (Carignan and others, 2009) and includes
offshore rocks, small islands, and reefs that affect wave
shoaling. The DEM was generated from a diverse suite of
digital datasets that span the region. A summary of the data
sources and methods used to synthesize the data to develop
the Port Orford DEM is described by Carignan and others
(2009). In general, the best available data were obtained
by the NGDC and shifted to common horizontal and ver-
tical datums: North America Datum 1983 (NAD 83) and
mean high water (MHW). According to Carignan and others
(2009), the final DEM is estimated to have an accuracy of
up to 10 m (~33 ft), while some portions of the grid are
more accurate (e.g. the coastal strip where high-resolution
lidar data were available). The bathymetric portion of the
dataset is estimated to have an accuracy of between 0.1 m
(0.33 ft) and 5% of the water depth, again depending on the
type of survey data that were used to calibrate the final grid
development.

Finally, despite all these best efforts it is important
to note that a limitation of the DEMs being developed by
NGDC is the virtual absence of suitable bathymetric data
in the nearshore (effectively landward of the 10 m (33 ft)
bathymetry contour), as few boats are able to venture into
this highly turbulent portion of the surfzone. The exception
to this is where surveys have been undertaken by the U.S.
Army Corps of Engineers (USACE) in the entrance channels
to those estuaries where navigable water depths need to be
maintained. Thus, there is some uncertainty about estimat-
ing nearshore slopes for the surf zone due to the absence
of sufficient data for this region; the user must make some
assumptions on the basis of the best available data present

8 http://www.ngdc.noaa.gov/dem/showdem.jsp?dem=Port%20
Orford&state=OR&cell=1/3%20arc-second&vdat=MHW
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outside the surf zone and information at the shoreface. This
is a recognized problem with all coastal flood analyses. We
recommend future efforts to explore the benefits of collect-
ing data in nearshore bathymetric surveys that make use of
a personal water craft to enhance wave runup and model-
ing components. For example, Ruggiero and others (2005)
described a coastal profiling system that was developed
for nearshore bathymetric surveys across the surf zone as
part of the Southwest Washington Coastal Erosion Study
(SWCES). This system consists of a highly maneuverable

personal watercraft that is equipped with a survey-grade
GPS receiver and antenna, an echo sounder, and an on board
computer. Repeatability tests suggest subdecimeter accura-
cy on the order of 0.15 m (0.5 ft) (Ozkan-Haller and others,
2009). Figure 3-10 and Figure 3-11 show examples of the
types of products that could be adopted in future coastal
flood mapping efforts. These data would greatly assist the
coastal flood mapping specialist and facilitate the modeling
of ocean waves into the surf zone.
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Figure 3-10. Collected bathymetry transects measured offshore the coast of the north Umpqua Spit
near Winchester Bay, Oregon (after Ozkan-Haller and others, 2009).
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Figure 3-11. Example cross-shore transect measured off the Umpqua Spit near Winchester Bay, Or-
egon, showing the presence of two prominent sand bars, characterized by significant relief (Ozkan-
Haller and others, 2009).
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4.0 TIDES

4.1 Tides along the Coos County coast

Measurements of tides on the Oregon coast are available
from various tide gauges® operated by the National Ocean
Service (NOS). Hourly tidal records are available from the
following long-term (30+ years) coastal sites: the Colum-
bia River (Astoria, #9439040); South Beach (Newport,
#9435380); Port Orford (#9431647); and Charleston
(#9432780), located midway along the Coos County shore-
line. Long-term tidal records are also available from the
Crescent City tide gauge (#9419750), located in northern
California, and have been used in previous FEMA Flood
Insurance Studies (FIS) carried out in Coos County (e.g.,
CH2M HILL, 1995). For the purposes of this study, we have
based our still water level (SWL) and wave runup calcula-
tions on the Charleston tide gauge due to its central proxim-
ity along the Coos County coast and, importantly, because
of its relatively long record (38 years'?). All hourly tide data

? http://www.co-ops.nos.noaa.gov/station_retrieve.shtml?type=Tide%20
Data&state=Oregon&id1=943

10 The Charleston gauge became operational in April 1970.

TIDAL ELEVATIONS
CHARLESTON, OREGON

(Information from the National
Ocean Service)

A Typical Day’s Tide

were purchased from NOS and were processed using vari-
ous scripts developed in MATLAB. In addition to the mea-
sured tides, hourly tide predictions were calculated for all
years using the NOS tide prediction program, NTP4!.

Tides along the Oregon coast are classified as moderate,
with a maximum range of up to 4.3 m (14 ft) and an aver-
age range of about 1.8 m (6 ft) (Komar, 1997). There are
two highs and two lows each day, with successive highs (or
lows) usually having markedly different levels (Figure 4-1).
Tidal elevations are given in reference to the mean of the
lower low water levels (MLLW) and can be easily adjusted
to the NAVDS88 vertical datum. As a result, most tidal ele-
vations are positive numbers with only the most extreme
lower lows having negative values. Figure 4-1 shows the
tidal elevation statistics derived from the Charleston tide
gauge (#9432780), with a mean range of 1.73 m (5.69 ft)
and a diurnal range of 2.32 m (7.62 ft). The highest tide
measured at Charleston reached 3.41 m (11.18 ft), recorded
in January 1983 during the peak of the strong 1982-1983
El Nifio.
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Figure 4-1. Daily tidal elevations measured at Charleston on the southern Oregon coast. Data from
the National Ocean Service (http://www.co-ops.nos.noaa.gov/data_menu.shtml?stn=9432780%20

Charleston,%200R&type=Bench%20Mark%20Sheets).
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The actual level of the measured tide can be consider-
ably higher than the predicted level provided in standard
Tide Tables and is a function of a variety of atmospheric and
oceanographic forces, which ultimately combine to raise the
mean elevation of the sea. These latter processes also vary
over a wide range of time scales and may have quite differ-
ent effects on the coastal environment. For example, along
the Pacific Northwest coast strong onshore winds coupled
with the extremely low atmospheric pressures associated
with a major storm can cause the water surface to be locally
raised along the shore as a storm surge by as much as 1.5
m (4.9 ft) (Allan and Komar, 2002b). However, during the
summer months these processes can be essentially ignored
due to the absence of major storms systems.

On the Oregon coast, tides tend to be enhanced during
the winter months due to warmer water temperatures and
the presence of northward flowing ocean currents that
raise water levels along the shore. These conditions persist
throughout the winter rather than lasting for only a couple
of days as is the case for a storm surge. This effect can be

05

Average Season
+1 Stdev

-1 Stdev
= 1982-83 El Nino
1997-98 El Nino

Mean Sea Level (m)

Charleston Tide Gauge

seen in the monthly averaged water levels derived from the
Charleston tide gauge (Figure 4-2), where the averaging
process has removed the water-level variations of the tides,
yielding a mean water level for the entire month. Combin-
ing 38 years of data, the results in Figure 4-2 show that on
average monthly-mean water levels during the winter are
nearly 20 cm (0.7 ft) higher than in the summer. Water
levels are most extreme during El Nifio events, due to an
intensification of the processes (mostly, enhanced ocean
sea surface temperatures offshore from the Oregon coast).
This occurred particularly during the unusually strong
1982-1983 and 1997-1998 El Nifios. As seen in Figure 4-2,
water levels during those climate events were approximate-
ly 25 cm (0.8 ft) higher than the seasonal peak and as much
as 50 cm (1.6 ft) higher than during the preceding summer.
These higher water levels enabled wave swash processes
to reach much higher elevations on the beach during the
winter months, with storm surges potentially raising the
water levels still further.

‘‘‘‘‘‘
‘‘‘‘‘‘‘‘‘

Mean Sea Level (ft)

Feb Mar Apr

Figure 4-2. Seasonal cycles in monthly-mean water levels based on data from the Charleston,
Oregon, tide gauge. Monthly data are based on hourly measurements collected over 38 years (1970-
2007). Water levels for the 1982-1983 and 1997-1998 El Nifio events are also shown.
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Aside from seasonal to interannual effects of climate
events on ocean water levels, also of interest are long-term
trends along the Coos County coastline associated with rela-
tive sea level changes due to climate change. Figure 4-3 pres-
ents results from an analysis of long-term annual changes
based on a separate analysis of the summer and winter tide
levels for the Charleston gauge. For our purposes “winter” is
defined as the combined average tide level measured over a
3-month period around the peak of the seasonal maximum
in winter water levels, typically the months of December
through February. Similarly, “summer” water levels reflect
the combined average tide level measured over a 3-month
period around the seasonal minimum, typically the months
between May through August when water levels also tend
to be less variable (Komar and others, 2011). As shown in
Figure 4-2, winter tidal elevations in Figure 4-3 are system-
atically displaced upward by about 20 cm (0.7 ft) above
summer tidal elevations, with the difference between the
regression lines reflecting the seasonal change in ocean

water levels from summer to winter. Figure 4-3 also empha-
sizes the extremes associated with major El Nifio events,
with the peaks between the 1983 and 1997 major events
having been systematically shifted upward over the years
due to relative sea level changes along this particular sec-
tion of the coast. In contrast, the summer regression line
is characterized by significantly less scatter in the residu-
als as it effectively excludes the influence of storms and
El Nifio events that are dominant during the winter. Using
this approach, it can be seen that the Coos Bay coastline is
slowly being transgressed at a rate of ~1.12 £ 0.95 mm-yr ,
a slightly lower value than that reported by NOS (~1.29 +
1.15 mm-yr1). Finally, it is important to appreciate that the
trends shown in Figure 4-3 reflect relative sea level changes
due to the fact that the PNW coast of Oregon and Washing-
ton is locally influenced by changes in the elevation of the
land due to regional tectonics as well as by the global rise
in sea level, with the net change being important to both
coastal erosion and flood hazards.

Charleston, OR
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Figure 4-3. The trends of “winter” and “summer” mean-sea levels measured by the Charleston, Or-
egon, tide gauge. Results for the summer regression are statistically significant, while the estimated
winter rate is not significant at the 95% confidence level.
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4.2 Still water level (SWL)

The still water level (SWL) is the sum of the predicted astro-
nomical tide listed in tide tables, plus the effects of process-
es such as an El Nifio event or storm surge that can elevate
the measured tide above the predicted tide (NHC, 2005).
Of importance to erosion and flooding hazards are the
extremes of the measured tides. In conventional analyses
of extreme values, the general assumption is that the data
being analyzed (e.g. the annual maxima) represent inde-
pendent and identically distributed (stationary) sequences
of random variables. The generalized extreme value (GEV)
family of distributions is the cornerstone of extreme value
theory, in which the cumulative distribution function is
given as

a

G(z, 10 &) = exp{— [1 + 5(2_ ﬁ)]—lﬂf} (eq. 4-1)

defined on {z:1+(§(z - u)/o) > 0}, where the parameters
satisfy —c0 < u <00, 6 >0, -0 < § < oo (Coles, 2001). The
model has three parameters; p is a location parameter, o
is a scale parameter, and ¢ is a shape parameter. The EV-II
(Frechet) and EV-III (Weibull) classes of extreme value
distributions correspond respectively to the cases of £ > 0
and & < 0. When € = 0, Equation 4.1 collapses to the Gumbel
or EV-I type extreme value distribution. By inferring the
shape parameter & (estimated here, along with the other
parameters, by maximizing the log-likelihood function),
the data themselves determine the most appropriate type
of tail behavior, and it is not necessary to make an a priori
assumption about which individual extreme family to adopt
as in a classical Weibull-type extreme wave height analysis
(Coles, 2001).

The GEV is often applied to annual maxima data in an
approach referred to as the annual maximum method
(AMM). However, one of the primary shortcomings of fit-
ting an extreme-value distribution with annual maximum
data is that useful information about the extremes is inher-
ently discarded, particularly when data are sampled on
either a daily or hourly basis (as in the case of the measured

tides and deep-water significant wave heights measured by
Charleston tide gauge and NDBC wave buoys). Two well-
known approaches exist for characterizing extremes by uti-
lizing data other than simply annual (block) maxima. The
firstis based on the behavior of the r-largest-order statistics
within a block, for low r, and the second is based on exceed-
ances above a high threshold value. For the purposes of this
study, we use the peak-over-threshold (POT) approach for
determining the extreme SWL and wave heights.

In the POT method, a high threshold, u, is chosen in which
the statistical properties of all exceedances over u and the
amounts by which the threshold is exceeded are analyzed. It
is assumed that the number of exceedances in a given year
follows a Poisson distribution with annual mean vT, where
v is the event rate and T = 1 year, and that the threshold
excesses y > 0 are modeled using the Generalized Pareto
Distribution (GPD) given by

Y
H(y, 0,8 = 1-(1+5) (eq. 4.2)

where € is the shape parameter of the GEV distribution and
o is a scale parameter related to GEV parameters by ¢ = ¢ +
&(u — ). The event rate can also be expressed in a form com-
patible with the GEV distribution provided that

§lu—p).
v= (1+T) "’IE

Estimates of extreme quantiles of the distributions are
obtained by inverting the distributions in Equation 4.3. For
GPD-Poisson analyses the N-year return level, y,, is given as

g
Yn=p+ ¥ [(Vn, )8 —1] (eq. 4.3)

where n, is the number of observations per year and (, is
the probability of an individual observation exceeding the
threshold, u.

Oregon Department of Geology and Mineral Industries Special Paper 44

35



Coastal Flood Insurance Study, Coos County, Oregon

Figure 4-4 presents results of the GEV analyses for the
Charleston tide gauge. In constructing this plot, we used a
threshold of 2.81 m (9.2 ft). Included in the figure are the
calculated 1- through 100-year SWLs. As can be seen in
Figure 4-4, the 1% SWL calculated for the Charleston gauge
is 3.41 m (11.2 ft, relative to MLLW). When adjusted to the
NAVD88 vertical datum, this value becomes 3.26 m (10.7 ft,
NAVD88); note the adjustment from NAVD88 to MLLW is

0.152m (0.5 ft). The 500-year SWL is estimated to be 3.33 m
(10.9 ft) relative to the NAVD88 vertical datum. As observed
previously, the highest tide measured at the Charleston
gauge reached 3.26 m (10.7 ft, relative to NAVD88). Of inter-
est, the SWL identified in the original flood mapping calcu-
lations at Bandon from Crescent City tide gauge data (and
compared with the Charleston tide gauge data) indicated a
SWL of 3.22 m (10.6 ft), close to the current estimate.

Peak Ower Threshold Method, Theeshobd = 2 81, m

351 1-yesr event = 3 dm
10year evant = 327 m
a4 Eligear event =337 m
10lyear evenf =341 m
E 33
£ 32k
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2 31k
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10’ 10’ 1o

Return Perod (years)

Figure 4-4. Extreme-value analyses of the still water level (SWL) determined for the Charleston,
Oregon, tide gauge. Black dots denote actual tide data used to fit the model distribution (red line) and

the associated confidence band (green lines).
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5.0 PACIFIC NORTHWEST WAVE CLIMATE

The wave climate offshore the Oregon coast is one of the
most extreme in the world, with winter storm waves reg-
ularly reaching heights in excess of several meters. This
is because the storm systems emanating from the North
Pacific travel over fetches that are typically a few thousand
miles in length and are also characterized by strong winds,
the two factors that account for the development of large
wave heights and long wave periods (Tillotson and Komar,
1997). These storm systems originate near Japan or off
the Kamchatka Peninsula in Russia and typically travel in
a southeasterly direction across the North Pacific toward
the Gulf of Alaska, eventually crossing the coasts of Oregon
and Washington or along the shores of British Columbia in
Canada.

Wave statistics (heights and periods) have been measured
in the North Pacific using wave buoys and sensor arrays
since the mid 1970s. These data have been collected by the
National Oceanic and Atmospheric Administration (NOAA),
which operates the National Data Buoy Center (NDBC), and
by the Coastal Data Information Program (CDIP) of Scripps
Institution of Oceanography. The buoys cover the region
between the Gulf of Alaska and Southern California and are
located in both deep and in intermediate to shallow water
over the continental shelf. The NDBC operates some 30 sta-
tions along the West Coast of North America, while CDIP has
at various times carried out wave measurements at 80 sta-
tions. Presently, there is one CDIP buoy operating offshore
from Coos Bay (46229), and two NDBC buoys (Oregon
[46002] and Port Orford [46015]) located offshore from
the southern Oregon coast. Wave measurements by NDBC
are obtained hourly (CDIP provides measurements every
30 minutes) and are transmitted via satellite to the labo-
ratory for analysis of the wave energy spectra (dominant
energy band by direction), significant wave heights (H, the

average of highest one third of the waves in record), and
peak spectral wave periods (T}, the peak period associated
with dominant energy spectra). These data can be obtained
directly from the NDBC through their website2.

Analyses of the wave climate offshore from Coos County
were undertaken under subcontract by Peter Ruggiero,
Department of Geosciences, Oregon State University (OSU),
and included numerical analyses of the 1%, or 100-year,
extreme storm wave event and the associated calculated
wave setup'®, runup'4, and total water level (i.e., the wave
runup superimposed on the tidal level) to help determine
the degree of coastal flood risk along the coast of Coos
County.

OSU performed a series of analyses including wave trans-
formations, empirical wave runup modeling, and total water
level modeling. For the purposes of this study, OSU used
the SWAN (Simulating Waves Nearshore) wave model to
transform deep-water waves (for a range of 1% scenarios)
to the nearshore (typically the 20 m (65.6 ft) contour). The
deep-water equivalent of these refracted nearshore waves
was determined using the linear shoaling relation in order
to calculate wave runup levels, which were then combined
with the tidal component in order to estimate the flood risk
along the Bandon shore and at Bastendorff Beach. The gen-
eral area over which the SWAN grid was set up is shown in
Figure 5-1.

12 http://seaboard.ndbc.noaa.gov/Maps/Northwest.shtml

13 Wave setup is the elevation of the still-water level due to breaking waves.

4 Wave runup is the rush of water up the beach face or a structure due to the
process of wave breaking. The amount of runup is the vertical height above the
still water level that the rush of water reaches.
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Charleston

Port Orford tides
]

Figure 5-1. Location map showing NDBC and CDIP wave buoys and model boundary.

In general, our analyses proceeded in the following order:

Develop long time series of wave conditions (approxi-
mately 27 years long) at approximately the shelf edge
offshore of the study area;

Compute initial wave runup time series for two rep-
resentative beach slopes within the study region, 0.03
and 0.08;

Combine the two runup time series with the mea-
sured water level time series at the Charleston tide
gage to generate two representative total water level,
Tw., time series;

Develop two sets of input wave conditions (~135 con-
ditions each, about 5 per year) that were associated
with Ty, elevations above a determined threshold
value (4.9 m [16.1 ft] for beach slope = 0.03 and 6.5 m
[21.3 ft] for beach slope = 0.08);

5. Run the SWAN model with two sets of input condi-

tions, using constant offshore boundary conditions, to
compute bathymetric induced wave transformations
to the 20 m (65.6 ft) contour;

Using the deep-water equivalent wave conditions
and the appropriate measured tides from Charleston,
compute Ty, for 21 beach profiles in Bandon and 12
profiles near Bastendorff Beach;

Using a Poisson-generalized Pareto distribution, com-
pute 100-year and 500-year Ty, elevations with a
peak-over-threshold (POT) approach;

Compare extreme Ty,s with topographic elevations
of various beach backing features to determine the
potential extent of coastal flooding during extreme
events.

The following sections describe the procedures used in
each of the aforementioned steps in our analyses.
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5.1 Development of a synthesized
wave climate for input into SWAN

Our primary goal was to use existing measured and hind-
cast wave time series to generate as long a time series of
the deep-water wave climate as possible at the offshore
boundary of the SWAN model, approximately the edge of
the continental shelf break. To this end, we downloaded all
available National Data Buoy Center (NDBC'®) and Coast-
al Data Information Program (CDIP'¢) hourly wave buoy
data in the region for several wave buoys (data availability
shown in Figure 5-2). In addition to hourly measured wave
buoy data, we obtained wave hindcast information on the
deep-water wave climate determined through the Wave

S http://www.ndbc.noaa.gov/
1 http://cdip.ucsd.edu/

Information Studies (WIS) project'” (Baird, 2005). For the
purposes of this study, we used wave hindcast data deter-
mined for station 074, which is located adjacent to NDBC
buoy 46002, the primary wave buoy used in this study due
to its high-quality long record of data (1975-present). How-
ever, because this buoy is located in 3,525 m of water and is
over 450 km from the location of the shelf edge buoys (Port
Orford 46015 and Umpqua Offshore 46229), we needed
to develop a methodology to transform these “off-shelf”
waves to the “shelf-edge” offshore boundary condition of
the SWAN model. This was necessary as the wave climate
observed at buoy 46002 has significant differences com-
pared to the climate observed at either the Port Orford or
Umpqua offshore buoys.

7http://wis.usace.army.mil /wis.shtml

Urnpgua Outer 46229

Oregon 46002 -

Coguille 37 -

Coguille Array 35

Umpgua Inner 53

Siuslaw 64

Pt Orford 46015

1978 1980 1582 1954 1986 1585 1990 1992 1994 1996 1995 2000 2002 2004 2006 2008 2010

Figure 5-2. Available wave data sets timeline for wave buoys in the study region.
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To transform the buoy 46002 waves to the shelf edge, we
created wave period bins (0-6, 6-8, 8-10, 10-12, 12-14,
14-16,16-21, and 21-30 seconds'®) to evaluate if there has
been a wave-period-dependent difference in wave heights
observed at Oregon 46002 compared with the Port Orford
wave buoy (or Umpqua Offshore). For our comparisons,
the time stamps associated with waves measured at 46002
were adjusted on the basis of group celerity (for the appro-
priate wave period bin) and travel time it takes the wave

8 The NDBC wave buoys only relatively coarsely resolve long-period waves.
Between 21 s and 30 s only a wave period of 25 s is populated in the data set.
There are no 30-s waves in the time series. Of the waves with periods between
16 sand 20 s, over 80 percent are at approximately 16 s. Only a relatively few
waves in the record have recorded periods of 17 s, 18 s, and 19 s, respectively.
This coarse resolution in the raw data determined our choice of period bin
widths.

energy to propagate to the Port Orford wave gage location.
For example, for waves in the period bin 10 to 12 s the
group celerity is about 8.3 m/s, and therefore it takes 15
hours for the energy to propagate from buoy 46002 to the
Port Orford gage.

After correcting for the time of wave energy propagation,
the differences in wave heights between the two buoys, for
each wave period bin, were examined in two ways as illus-
trated in Figure 5-3:

1. A best fit linear regression through the wave height
differences was computed for each wave period bin;
and,

2. A constant offset was computed for the wave height
differences for each period bin.
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Figure 5-3. (top) Example of the development of transformation parameters between NOAA buoy
46002 (Oregon) and 46015 (Port Orford) for period bin 10-12 s. The dashed black line is the linear
regression, and the dashed red line is the constant offset. Blue circles indicate the difference in the
wave heights between the Oregon and Port Orford buoys for the same time period, with the Oregon
data having been adjusted for the wave group speed. (bottom) Distribution plot of the number of

waves processed in the example period bin.
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Upon examination of the empirical probability density
functions (PDF) of both buoys’ raw time series (using only
approximately the last 5 years of buoy 46002 data, the time
of overlap with the shelf buoys) and after applying both
transformation methods (Figure 5-4), it was determined
that the constant offset method did a superior job of match-
ing the PDEF, particularly at high wave heights. Therefore, a
constant offset adjustment dependent on the wave period
was applied to the wave heights of Oregon 46002. Because
the WIS hindcast data used in this study were also located
well beyond the boundary of the SWAN model (basically at
the location of 46002), the same series of steps compar-
ing WIS wave heights to those from the Port Orford buoy
was carried out, with a new set of constant offsets having
been calculated and applied. Data from the Port Orford and
Umpqua Offshore buoys were also compared in this same

manner, and it was determined that their wave height dif-
ferences in the alongshore extent (i.e., offshore from Coos
County) are negligible. Therefore we assume that a con-
stant offshore wave height boundary condition'’ is appro-
priate for the SWAN model.

After applying the wave height offsets to the Oregon
46002 buoy, gaps in this time series were filled in first with
data from the Port Orford buoy and subsequently with data
from the Umpqua buoy.. Where there were still gaps follow-
ing this procedure we then filled in the time series with the
corrected WIS data. Because wave transformations (par-
ticularly refraction) computed by SWAN are significantly

19 Because the Umpqua Offshore buoy (46229) did not become directional
until 2008, it was not possible to perform a detailed analysis on the differences
in the directional wave climate that may be characteristic of the study area,
varying in the alongshore direction along the shelf edge.

0.1r
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Figure 5-4. Raw probability density functions (PDF) for buoy 46002 (black line) and the Port Orford
(Pt 0) buoy (red line). The probability density function of the transformed wave time series using the
linear regression approach (green line) and the constant offset approach (blue line) are also shown.
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dependent on wave direction, when this information was
missing in the buoy records it was replaced with WIS data
for the same date in the time series (but the wave height
and period data remained buoy observations where appli-
cable). For conditions in the time series that had no estimate
of wave direction from either the buoys or the WIS data a
value of 270 degrees (i.e.,, westerly waves) was assumed.
This is reasonable, as the majority of the waves originate
from the west.

The final synthesized wave time series developed for
Coos County extends from late 1979 through to the end of
2008 and consists of approximately 27.5 years of good data
(measurements including at least wave height and periods)
out of a possible 29.2 years (Figure 5-5 through Figure 5-8).
As can be seen from Figure 5-5A, the wave climate offshore
from the Oregon coast is episodically characterized by large
wave events (> 8 m (26 ft)?°, with some storms having gen-

20 The original CH2M HILL study for Bandon estimated the 100-year storm
wave offshore from Bandon at 7.5 m (24.6 ft).

erated deep-water extreme waves on the order of 15 m (49
ft). The average wave height offshore from Coos County is
2.6 m (8.5 ft), while the average peak spectral wave period
is 11.1 seconds, although periods of 20-25 seconds are not
uncommon (Figure 5-5B). The PNW wave climate is char-
acterized by a distinct seasonal cycle that can be seen in
Figure 5-5 by the variability in the wave heights and peak
periods?! between summer and winter. Monthly mean sig-
nificant wave heights are typically highest in December and
January (Figure 5-7), although large wave events (>12 m
[39.4 ft]) have occurred in all of the winter months except
March. The highest significant wave height observed in
the wave climate record is 15.5 m (50.9 ft), substantially
exceeding the 1% wave height used in the original Bandon
study, which was 7.5 m (24.6 ft) and was derived from WIS
hindcasts for the period 1956-1975. In general, the small-

21 The groupings evident in the peak periods (Figure 5-5B) are directly from
the data and are a product of the data processing methods used by the NDBC to
establish the wave frequencies and hence periods. It is for this reason that we
chose coarse wave period bins for long-period waves (i.e., greater than 16 s).
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Figure 5-5. Synthesized wave climate developed for Coos County. (A) Significant wave height with
mean wave height denoted (dashed line). (B) Peak spectral wave period with mean period denoted

(dashed line).
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Figure 5-6. Synthesized wave climate developed for Coos County. (A) Probability distribution of
wave heights plotted on a semi-log scale. (B) Significant wave height cumulative frequency curve
plotted on a semi-log scale.
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Figure 5-7. Seasonal variability in the deep-water wave climate offshore from the southern Oregon
coast. (top) The maximum monthly significant wave height. (bottom) The monthly average wave
height (blue line) and standard deviation (dashed line).
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Figure 5-8. Predominant wave directions for the summer months (April-September) and the win-
ter (October to March). Colored scale indicates the significant wave height in meters. For the winter
months, waves <10 m are ignored, with the focus being on the larger waves.

est waves occur during late spring and in summer, with
wave heights typically averaging ~1.5 m during the peak of
summer (July-August). These findings are consistent with
other studies that have examined the PNW wave climate
(Allan and Komar, 2006; Ruggiero and others, 2010b; Til-
lotson and Komar, 1997). Figure 5-6A shows a probability
density function determined for the complete time series,
while Figure 5-6B is a cumulative frequency curve. The
latter indicates that 50% of the time waves are typically less
than 2.2 m (7.2 ft) and 90% of the time waves are less than
4.5 m (14.8 ft). Wave heights exceed 7.4 m (24.3 ft) for 1%
of the time. However, it is these latter events that typically
produce the most significant erosion and flooding events
along the Oregon coast.

Finally, Figure 5-8 provides a wave rose of the significant
wave height versus direction developed for the southern
Oregon coast. In general, the summer is characterized by
waves arriving from the northwest, while winter waves
typically arrive from the west or southwest (Komar, 1997).
This pattern is shown in Figure 5-8, which is based on sepa-
rate analyses of summer and winter directional data devel-
oped from the synthesized time series (composed of both
WIS station data (074) and data from the inshore buoys).
To better highlight the predominant wave directions for the
winter months, wave heights less than 10 m (33 ft) have
been eliminated from the analysis. As can be seen in Figure
5-8, summer months are characterized by waves arriving
from mainly the west-northwest (~25%) to northwest
(~21%), with few waves out of the southwest. The bulk of
these reflect waves with amplitudes that are predominantly

less than 3 m (9.8 ft). In contrast, the winter months are
dominated by much larger wave heights out of the west
(~25-35%), and to a lesser extent the northwest (~18%).

5.2 Initial total water level calculations

Having established a synthesized wave climate time series
for the southern Oregon coast, the data were then used to
calculate initial wave runup heights on the beaches includ-
ed in this study, which in turn were combined with the mea-
sured tide data to generate a total water level (Ty,) time
series. The purpose of these initial total water level calcula-
tions is to identify specific storm events that would eventu-
ally be used in SWAN wave modeling to transform the waves
to shallow water. Assessments of the total water level (Ty;)
achieved on the beaches is therefore simply:

Ty, = measured tide + wave runup (eq.5.1)

where the tide is derived from water levels measured by
the Charleston, Oregon, tide gauge from the NOS, and R is
the total vertical 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
(combined incident and dynamic wave runup components)
(NHC, 2005). Here we employ an extreme wave runup statis-
tic Rz4 (Holman, 1986), the two percent exceedance value of
wave runup maxima, because it is the highest swash events
in a wave runup distribution that are initially responsible
for erosion and overtopping, and because empirical formu-

a4
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lae have been developed for the calculation of this statistic.
In this application we have based runup calculations on the
formula derived by Stockdon and others (2006), who com-
bined data from 10 nearshore field experiments to obtain
an expression for R,y (a more detailed discussion of the
final wave runup calculations is described in Section 6.1.1,
"Stockdon runup model"):

Ry, =11 <0.35 tan B (H,L,)Y* + (eq.5.2)

[H,L,(0.563 tan B2 + 0.004] 1/2)
2

where tan {3 is the foreshore beach slope, H, is the deep-
water significant wave height, L, is the deep-water wave
length, given by Airy (linear) wave theory as (g/2m)T?
where g is the acceleration of gravity and T is the peak spec-
tral wave period. This formulation to calculate the runup
levels is directly incorporated into Equation 5.1, applicable
to a wide range of morphologic conditions.

Figure 5-9(A-D) shows the complete wave height, period,
tide, and Ty, time series developed based on a foreshore
beach slope of 0.03, typical of much of the southern Bandon
shore and along Bastendorff Beach. For SWAN input condi-
tions presented in the following section, we chose all Ty;s
that exceeded a threshold value of 4.9 m (16.1 ft) NAVD8S8,
or approximately five major events per year. Using this
approach, we were able to identify a total of 134 discrete
events. These input event conditions are identified as black
dots in Figure 5-9. To account for higher wave runups asso-
ciated with the steeper beaches characteristic of the Light-
house Beach (Coos 7-11) and Bandon profiles (Bandon
1-4), we performed the same analysis using a foreshore
beach slope of 0.08, and chose all Ty,s that exceeded a
threshold value of 6.5 m (21.3 ft) NAVD88. This latter

approach yielded 133 events (Figure 5-9E and 5-9F). Beach
slopes of 0.03 and 0.08 were chosen as they represent the
range of beach slopes measured along the two study areas.

The wave conditions associated with these 267 extreme
total water level events were then used as input into our
SWAN wave model. These conditions are summarized in
two ASCII text files with six fields including MATLAB serial
time, significant wave height, peak period, dominant wave
direction, measured tide and T;. Table 5-1 provides a sum-
mary of the wave climate statistics determined using this
approach. As can be seen from the table, mean storm wave
heights averaged ~7.5 m (24.6 ft), while the maximum
waves that occurred within this set of 267 events reached
13.9 m (45.6 ft). Periods typically averaged ~17.9 seconds,
with some wave events characterized by very long peak
periods (up to 25 seconds). The waves predominantly
arrived from the west, with some storms producing waves
from south-southwest and north-northwest. These events
coincided with a range of tidal elevations that varied from
1.5t0 3.2 m (4.9 to 10.5 ft).

Table 5-1. Summary variables derived from the synthesized
wave climate, showing the range of wave statistics associated
with the 267 extreme total water level storm events.

Significant Peak Spectral Wave
Wave Wave Direction
Height (m) Period (s) (degrees) Tide (m)
Slope = 0.03
Mean 7.41 17.6 279.9 2.44
Maximum 13.10 25.1 353.1 3.23
Minimum 3.63 11.1 190.8 1.53
Slope = 0.08
Mean 7.62 18.1 281.2 231
Maximum 13.94 25.1 353.1 3.07
Minimum 3.63 14.3 190.8 1.53
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5.3 SWAN model development
and parameter settings

We utilized the historical bathymetry assembled by the
NGDC (described in section 3.4) and created an unstruc-
tured model grid that covers a large portion of the southern
Oregon coastline (Figure 5-10 through Figure 5-16).

SWAN (Simulating Waves Nearshore) version number
40.72ABCD, a third generation wave model developed at
the Technical University of Delft, Netherlands (Booij and
others, 1999; Ris and others, 1999), was used in this study.
The model solves the spectral action balance equation using
finite differences for a spectral or parametric input (as in
our case) specified along the boundaries. The model grid is

unstructured to allow for increased spacing in the areas of
interest. For the Coos County study, the grid spacing varied
from about 930 m offshore to 27 m in shallow-water areas
of interest.2? The SWAN runs were executed in stationary
mode and all model settings varying from the default values
are discussed below.

22 The offshore boundary of the Coos County SWAN grid was determined to
be in deep water for all but less than 10% of the input conditions that have
wave periods of 25 seconds. For these conditions, over only a small section of
the grid, at Coquille Banks, is the offshore boundary condition in transitional
waters. The minor impact on wave transformations due to this small section
of the grid being in transitional waters was deemed to be negligible relative
to the increase in computation time required by extending the grid farther
offshore.
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Figure 5-10. Coos County, Oregon, study area bathymetry developed using the Port Orford 1/3 arc-
second (~10 m) DEM downloaded from the NOAA National Geophysical Data Center.
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Charleston Area Bathymetry

T T ; 0
-10
43.39
-20
43.38
r1-30
43.37
- 1-40
® 43.36 - 1-50
r 1-60
43.35
-70
43.34
-80
43.33
-90
' ' ' -100
-124.44 -124.43 -124.42 -124.41 -124.4 -124.39 -124.38 -124.37 -124.36 -124.35 -124.34 [m]
Lon
Figure 5-11. Focus area bathymetry offshore from Bastendorff and Lighthouse Beach,
adjacent to Coos Bay, Oregon.
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Figure 5-12. Focus area bathymetry offshore from Bandon, Oregon.
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The north, south, and west boundaries of the model were
specified using grid coordinates and forced using a parame-
terized JONSWAP (Joint North Sea Wave Project) spectrum.
The functions for spectral peakedness parameters y and nn
in the JONSWAP directional spectra are given as:

3.3 if T, < 11s
V=) 05Tp-15 ifT,>11s
(eq.5.3)
4 if T, < 11s
nn =
25Tp-20 ifT,211s

Thus, the directional distribution is generated by multi-
plying the standard JONSWAP frequency spectrum by cos™
(0 — 6peax) (Smith and others, 2001). Wind wave spectra
are broad (low y and nn values), while swell typically have
narrow distributions (high y and nn values). Values used in
the SWAN wave modeling were based on input peak peri-
ods, which ranged from 4.055 <y <11.03 and 7.775 < nn <
42.65. To ensure that the wave directional spread is suffi-
ciently resolved by the model, we specified directional bins
giving a 4-degree directional resolution. Our frequency bins
have a Af of 0.11*f, which is variable as the distribution of
the frequency bins is logarithmic. Our SWAN simulations
did not include any additional wave growth across the shelf
due to winds, nor did they include quadruplet wave-wave
interactions. Triad interactions, diffraction, and wave setup
were also not activated in the model setup. We used the
Janssen frictional dissipation option. No model calibration
or verification was performed in this study.

The decision not to model the impact that winds have on
wave growth was based on the fact that we do not have any
nearshore wave data for which to perform a model calibra-

tion. To develop our combined wave time series, we per-
formed a "statistical" wave transformation between buoy
46002 and the buoys at the edge of the continental shelf and
found that in general the wave heights during storm events
decreased even with hundreds of kilometers of additional
fetch. Without understanding the details of this phenome-
non (e.g., white capping versus wind wave growth) and with
no data for calibration, we felt that attempting to model
wind growth would add to the uncertainty of our input
wave conditions. We also have previous experience with
SWAN wave modeling in the region (U.S. Pacific Northwest)
in which sensitivity runs including wind were performed
with only minor impact on results (Ruggiero and others,
2010a). Because wind growth was not incorporated in the
runs, quadruplet wave-wave interactions do not occur in
the simulations. Wave setup was not included in the simula-
tions because we extracted the transformed wave param-
eters at the 20-m depth contour and used the Stockdon and
others (2006) empirical model to compute wave runup
(which incorporates setup) along the coast.

In total, three sets of SWAN runs were made for each of
the two sets of extreme T}, conditions, to test the influence
of white capping and wave breaking on the model results.

e Set 1: Dissipation due to white capping is set to ON and

dissipation due to and wave breaking set to ON;

e Set 2: Dissipation due to white capping set to ON and

wave breaking is set to OFF; and

e Set 3: Dissipation due to white capping is set to OFF

and wave breaking is set to ON.

There were virtually negligible differences between the
three sets of runs, but in general Set 2 produced slightly
higher wave heights than either Set 1 or Set 3. Only Set 2
SWAN runs will be discussed in the remainder of this report.
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5.4 Summary of SWAN results

Significant alongshore variability is apparent in many of
the conditions examined with SWAN (Figure 5-17). To cal-
culate the wave runup along the Bandon shore and along
Bastendorff and Lighthouse Beach, we extracted the wave
characteristics along the 20-m contour throughout the
model (Figure 5-18). Because both the Stockdon and others

(2006) model and the Direct Integration Method (DIM
[NHC, 2005]) rely on information on the deep-water equiv-
alent wave height and peak periods as inputs, we then com-
puted the linear wave theory shoaling coefficient and back
shoaled our transformed waves to deep-water waves. These
transformed deep-water equivalent waves were then used
to calculate the wave runup and generate the T, conditions
used in the subsequent extreme value analysis.

Case 53: 20-Dec-1990 13:55:12
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Figure 5-17. Example SWAN run (Case 53).
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Figure 5-18. Example results of SWAN run (case 81, beta=0.03) showing alongshore varying wave
height and period at the 20-m contour. Purple stars denote the locations (Northing) of the beach pro-
files, while the blue stars indicates where the transects cross the 20-m depth contour.
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6.0 WAVE RUNUP AND OVERTOPPING

Wave runup is the culmination of the wave-breaking pro-
cess whereby the swash of the wave above the still water
level is able to run up the beach face, where it may encoun-
ter a dune, structure, or bluff, potentially resulting in the
erosion, or overtopping, and flooding of adjacent land
(Figure 6-1). Runup, R, or wave swash is generally defined
as the time-varying location of the intersection between the
ocean and the beach, and as summarized above is a function
of several key parameters. These include the deep-water
wave height (H, or H,), peak spectral wave period (T,),
wave length (L,) (specifically the wave steepness, H,/L,),
and, through the breaker parameter (or Iribarren number),
#0 = B/V(H_o/L_o), which accounts for the slope () of
a beach or an engineering structure and the steepness of
the wave.

The total runup, R, produced by waves includes three
main components:

e wave setup, <n>;

¢ adynamic component, 7; and,

¢ incident wave runup, R;,

R=<n>+75+ Ry, (eq.6.1)

breaker line

setup, <nN>

Along the Pacific Northwest Coast (PNW) of Oregon and
Washington, the dynamic component?® of runup, 7, has
been demonstrated to be a major component of the total
wave runup due to infragravity energy becoming trapped in
the surf zone, allowing the swash to reach to much higher
elevations at the shore.

Several models have been proposed for calculating wave
runup on beaches (Hedges and Mase, 2004; NHC, 2005;
Ruggiero and others, 2001; Stockdon and others, 2006).
Here we explore two approaches available for runup calcu-
lations along Coos County, Oregon. These include the runup
model developed by Stockdon and others (2006) and the
Direct Integration Method (DIM) described by NHC (2005).

2 The dynamic component of runup reflects a component of wave setup
that oscillates with the wave group period, which may be amplified in the
nearshore (Dean and Walton, 2009).

dune face or
bluff

limit of swash

surf zone -
swash
zone
<n>__

MWL

Figure 6-1. Conceptual model showing the components of wave runup associated with incident
waves (modified from Hedges and Mase, 2004).
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6.1 Runup models for beaches
6.1.1 Stockdon runup model

For sandy beaches, Stockdon and others (2006) developed
an empirical model based on analyses of 10 experimental
runup datasets obtained from a wide variety of beach and
wave conditions and by separately parameterizing the indi-
vidual runup processes: setup and swash. Stockdon and
others proposed the following general relationship for the
elevation of extreme (2%) runup, R,, for any data run:

S

Ry = L1[< n>+3

] (eq. 6.2)

where

§= J(Rine)?+ ()7 (eq. 6.3)

and

< n >, Rmc’-ﬁ = f(HG’ Torﬁf)'

where {3 is the slope of the beach face, and S reflects both
the dynamic, 7, and incident runup, R;,, components. The
1.1 coefficient value was determined because the swash
level assumes a slightly non-Gaussian distribution. The final
parametized runup equation is:

Ryp=1.1 <0.35 tan B (H,L,)"/? + (eq. 6.4)

[H,L,(0.563 tan B2 + 0.004] 1/2>
2

which may be applied to natural beaches over a wide range
of morphodynamic conditions. In developing Equation 6.4,
Stockdon and others (2006) defined the slope of the beach as
the average slope over a region +20 around the wave setup,
<n>, where o is the standard deviation of the continuous
water level record, n(t). Simply put, the setup reflects the
height of the mean-water level (MWL) excursion above the
SWL, such that the slope is determined to span the region
around mid beach. For Coos County, the slope of the beach
was determined by fitting a linear regression through those

data points spanning the region located between mean sea
level (1.09 m) and the highest observed tide (3.26 m).

Stockdon and others (2006) further observed that for
extremely dissipative®* beach conditions, where {,< 0.3, the
following equation could be used:

R, = 0.043(H,L,)%3 (eq. 6.5)

Combining either Equation 6.4 or Equation 6.5 with the
measured tide produces the total water level, Ty, at the
shore, important for determining the erosion or flood risk
potential. Given that Equation 6.4 has been derived from
quantitative runup measurements spanning a range of
beach slopes (beach slopes ranged from 0.01 to 0.11 and
Iribarren numbers, ¢, ranged from 0.1 [fully dissipative con-
ditions] to ~2.2 [reflective conditions]; see Table 1 of Stock-
don and others [2006]), the model is valid for the range
of slopes and conditions observed along the Coos County
coastline and elsewhere on the Oregon coast.

6.1.2 Direct integration method — beaches

The West Coast FEMA coastal flood mapping guidelines
(NHC, 2005) present an alternative method for calculat-
ing runup. According to NHC (2005), the Direct Integration
Method (DIM) approach allows for the wave and bathymet-
ric characteristics to be taken into consideration; specifical-
ly, the spectral shape of the waves and the actual bathym-
etry can be represented. Here we review the parameterized
set of runup equations that may be used to calculate runup
on beaches. The equations are based on a parameterized
JONSWAP spectra and uniform beach slopes.

Similar to Equation 6.1, the runup of waves using DIM can
be defined according to three components: the wave setup,
<n>, a dynamic component, 7, and the incident runup, Rj,.
Wave setup can be calculated using:

<n>==40 FHFTFGammanIGpQ (eq. 6.6)

2 Dissipative beaches are so termed because they are characterized by having
low slopes and wide surf zones (Wright and Short, 1983). Thus, on dissipative
beaches, waves tend to break well offshore from the dry beach, with the bores
formed from the broken waves crossing a wide surf zone and losing most of
their energy before they reach the shore and swash up the beach face. In the
opposite extreme, on reflective beaches the profile slope is steep so the waves
break very close to the shore (often breaking on a plunge step) and immediately
develop into a strong swash up the beach face. As a result, reflective beaches
lose very little wave energy during shoaling, so that the bulk of the energy is
expended during the wave breaking process.
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while the root mean square (rms) of the dynamic compo-
nent, 1,,, may be estimated using:

Mems — 2.7 GyGrGgammaUs (eq.6.7)

lope

where the units of <n> and s are in feet and the factors (F)
are for the wave height (Fj; and G,), wave period (Frand G),
JONSWAP spectrum narrowness (Fggmme and Ggamma), and the
nearshore slope (Fj,,. and Ggp.). These factors are summa-
rized as a series of simple equations in Table D.4.5-1 of NHC,
(2005). For the purposes of defining an average slope, NHC
recommended that the nearshore slope be based on the
region between the runup limit and twice the wave break-
ing depth, h,, where:

hy, = Hy/k (eq. 6.8)

and

H, = 0.39(g2T,H,%)" (eq. 6.9)

where H, is the breaker height calculated using Equation 6.9
(Komar, 1998), g is acceleration due to gravity (9.81 m/s),
and for the purposes here k (breaker depth index) can be
taken to be 0.78.

To derive the statistics of the oscillating wave setup and
the incident wave runup components, the recommended
approach is to base the calculations on the standard devia-
tions (o) of each component. The standard deviation of the
incident wave oscillation (o,) on natural beaches may be
calculated from:

0,=0.3C,H, (eq.6.10)

Because the standard deviation of the wave setup fluctua-
tions (o,) is proportional to Equation 6.7, the total oscillat-
ing component of the dynamic portion of the wave runup
can be derived from:

7. =20 |of + 0}

Combining the results of Equations 6.11 and 6.6 yields the
2% wave runup; when combined with the tidal component
the results is the total water level, Ty,.

(eq.6.11)

6.1.3 Comparison of Stockdon and
DIM runup calculations

Fundamentally, the wave runup model proposed by Stock-
don and others (2006) and the DIM method described by
NHC (2005) are basically the same, as both models account
for the three components of runup described in Equation
6.1. Here we examine the runup results derived from both
models based on two contrasting beach slope conditions
characteristic of the Bandon shore. Figure 6-2 provides a
comparison of the total water levels (2% wave runup + tide)
calculated for the Bandon 1 profile site, where the slopes
differed from 0.016 in the nearshore (DIM) to 0.079 deter-
mined for the beach face (Stockdon). From these slopes,
Tw.s calculated using DIM are found to range from 4.5 to
7.54 m (mean = 5.74 m), while the Stockdon model pro-
duced Ty,s that ranged from 5.5 to 8.96 m (mean = 6.96 m).
Thus, differences between the maximum and mean values
are, respectively, 1.42 m and 1.22 m, with the Stockdon
model producing the highest Ty,s. In contrast, Figure 6-3
shows the same Ty, comparison for the Bandon 15 site to
the south, but where the beach is characterized by much
lower beach slopes (0.033, Stockdon), while the nearshore
slope calculated for DIM is 0.019. For the Bandon 15 site,
Ty.s calculated using DIM are found to range from 4.3 to
7.31 m (mean = 5.64 m), while the Stockdon model pro-
duced Ty,s that ranged from 4.6 to 6.52 m (mean = 5.17 m).
Differences between the maximum and mean values are,
respectively, 0.79 m and 0.47 m, with the DIM model now
producing the highest Ty,;s.

While differences between DIM and the Stockdon runup
calculations appear to be relatively similar for the lower
sloping beach states, there are clear differences in the
runup estimates where the beach foreshore is steep relative
to the nearshore slope. Thus it is possible that the param-
eterization of the DIM equations may be skewed to lower
beach slopes. This raises questions about the reliability
of this method for determining wave runup on beaches of
varying slopes. Because of these uncertainties and because
the Stockdon model has been extensively validated against
measured runup data, including measurements on the
Oregon coast by Ruggiero and others (2001), and qualita-
tive observations of runup during storms by DOGAMI staff
at multiple sites along the coast, 1% extreme values of Ty,;s
calculated for beaches along the Coos County coast will be
based primarily on the Stockdon and others (2006) model.
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Figure 6-2. Total water level calculations using the Stockdon and DIM runup equations and the Ban-
don 1 site. Slope values used in the calculation were 0.016 (DIM) and 0.079 (Stockdon).
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Figure 6-3. Total water level calculations using the Stockdon (2006) and DIM runup equations at
the Bandon 15 site. Slope values used in the calculation were 0.019 (DIM) and 0.033 (Stockdon).
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6.2 Barrier runup calculations
6.2.1 Introduction

According to NHC (2005), an alternate approach is rec-
ommended for use in calculating runup on steep barrier.
By definition, barriers include “steep dune features and
coastal armoring structures such as revetments” (section
D.4.5.1.5.2), although little guidance is offered in terms of
the range of slopes to which this alternate approach would
apply. Throughout this document we will use the generic
term barrier to define the range of morphological and
engineering conditions where barrier runup calculations
may apply. In general, runup on a barrier depends not only
on the height and steepness of the incident wave defined
through the Iribarren number, or breaker parameter (&,,.1,),
but also on the geometry (e.g., the slope of the barrier and/
or if a berm is present), design characteristics of the struc-
ture, and its permeability.

The recommended approach for calculating runup on a
barrier is to use the TAW (Technical Advisory Committee
for Water Retaining Structures) method, which provides a
mechanism for calculating the runup, adjusted for various
reduction factors that include the surface roughness, the
influence of a berm (if present), and effects associated with
the angle of wave approach (NHC, 2005; Pullen and others,
2007; van der Meer, 2002). According to NHC (2005), the
TAW method is useful as it includes a wide range of condi-
tions for calculating the wave runup (e.g., both smooth and
rough slopes) and because it agrees well with both small-
and large-scale experiments.

Figure 6-4 is a conceptual model of the various compo-
nents required to determine the extent of runup on a bar-
rier. Of importance is first determining the 2% dynamic
water level (DWL,,) at the barrier, which includes the

breaker line

surf zone

combined effects of the measured still water level (SWL),
the wave setup (<n>), and the dynamic portion (1) of the
runup (Figure 6-4), which is then used to establish the spec-
tral significant wave height (H,,,) at the toe of the barrier
(NHC, 2005).

The general formula for calculating the 2% wave runup
height on a barrier is given in a nondimensional form by
equation 6.12:

R,

=C1 Yo Y5 Ve St (eq. 6.12)

e

mao

with a maximum of:

where:

R,y = wave runup height exceeded by 2% of the incoming
waves

H,,, = spectral significant wave height at the structure toe
C1, €5, and c; = empirical coefficients with:

v, = influence factor for a berm (if present),

¥r= influence factor for roughness element of slope,

¥ = influence factor for oblique wave attack,

G-t = breaker parameter (tan B/ (Hno/Lin10)"?),
tan B = slope of the barrier,
L,,-10= the deep-water wave length (ngZ_LO/zT[), and

Tn-10can be calculated from T,/1.1, where
T, is the peak spectral wave period.

limit of swash

‘barrier’

berm

Figure 6-4. Wave runup on a beach backed by a structure or bluff (modified from NHC, 2005).
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Substituting the empirical coefficients derived from
wave tank experiments and incorporating a 5% upper
exceedence limit into the general Equations of 6.13 (van
der Meer, 2002; Pullen and others 2007), runup on a bar-
rier may be calculating using:

Rogy = Hyo (L7505 15,054, ) (00 613)

where 0.5 = Yb'gm—l,o =1.8

with a maximum of:

16

Ryq, = Hoo l.D.yf.yﬁ 43 ———

where 1L.8=y,.L

There are however notable differences between Equa-
tion 6.13 originally described by van der Meer (2002) and
Pullen and others (2007) from that presented as Equation
D.4.5-19 in the FEMA West Coast methodology (NHC, 2005).
For example, Equation D.4.5-19 in the NHC report contains
a higher coefficient value (1.77), along with one addition-
al reduction factor (porosity) for calculating runup when
the breaker parameter is less than 1.8. Similarly, for con-
ditions where the breaker parameter exceeds 1.8 and the
maximum runup equation is used, Equation D.4.5-19 in the
NHC report contains two extra reduction factors (berm and
porosity reduction factors) that are not included in the orig-
inal solution, which potentially could have a very significant
effect on the calculated runup. Due to these differences and
for the purposes of calculating runup on barrier along the
Coos County shoreline we have used the original solution
(Equation 6.13) as presented by van der Meer (2002) and
Pullen and others (2007).

6.2.2 Specific procedure for
calculation of “barrier” runup

For those cases where the TAW method is appropriate for
determining runup on barrier (i.e., steep dunes, beaches
backed by structures, or beaches backed by bluffs), the
refracted deep-water wave climate conditions defined in

Section 5.4 for the relevant transect site were first imported
into MATLAB. The overall approach used for determining
runup on a barrier follows the general approach laid out in
section D.4.5.1.5.2 in NHC (2005), with the exception that
we use the TAW barrier runup equation (Equation 6.13) for
calculating runup on the bluff.

The breaker height, H,, is first calculated using Equation
6.9, while the breaker depth, h;, was estimated using Equa-
tion 6.8. Having identified these two parameters, the near-
shore slope?® was determined for the transect of interest.
The parametized DIM equations for wave setup (<n>, Equa-
tion 6.6) and for the root mean square of the dynamic com-
ponent (1., Equation 6.7) were then calculated. In the case
of Equation 6.7, this was undertaken for both the gamma of
interest (determined using Equation 5.3) and for a gamma
value of 3.3, and the difference between these two calcula-
tions (o0 4) was identified. The dynamic wave setup at the
toe of the barrier was then reduced using Equation 6.14:

ﬁ; = ZOJ(JE — 04 diff) + 0—22 (eq 614)

The 2% dynamic water level (DWL,,,) was then determined
for each storm using the storm’s associated still water level
(SWL) plus the wave setup (<n>) plus 2* o i (i.€., two times
the difference between the gamma of interest and gamma =
3.3) as defined by NHC (2005)2.

Because waves are depth limited at the toe of a barrier,
NHC indicated that H,,, may be adequately estimated from
knowledge of the 2% dynamic water level (DWL,,) at the
barrier using a breaker index of 0.78 (i.e., H,, = DWL,4 X
0.78), while the spectral wave period is calculated from
Ty10= T,/1.1. Thus, estimates of H,,, and T,,_; o derived using
the adjusted DIM procedures provide the critical input
parameters required for estimating barrier runup values.

Having determined H,,, and T,-1,, the next step is to cal-
culate the runup using the TAW equations. One complicat-
ing factor is the determination of an appropriate barrier
slope, used in the breaker parameter (C,-1,). This is espe-
cially important if the morphology of the barrier exhibits
a composite morphology characterized by different slopes,

% The nearshore slope defined for the DIM approach is the average slope
between the runup limit and twice the break point of the significant wave
height, h,.

26 Note that 2*o1 i is based on example 2 provided on page D.4.5.20 of the
FEMA West Coast Coastal Methodology report (NHC, 2005) and is the only way
one can match their example result presented in Table D.4.5-5; as an aside,
example 2 indicates the structure toe height is in their case 2 ft below NAVD88
(Table D.4.5-5) and is thus included in their example calculation of DWL.y, for
a structure.
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such that errors in estimating the slope will translate to
either significant underestimation or overestimation of the
runup. According to van der Meer (2002) and Pullen and
others (2007), because the runup process is influenced by
the change in slope from the breaking point to the maximum
wave runup, the characteristic slope should be specified for
this same region. Because the maximum wave runup is the
desired outcome and is unknown when initially defining the
slope, the process is iterative, requiring two steps. First, the
breaking limit is defined as 1.5H,,, below the still water line,
whereas 1.5H,,, above the still water line defines the upper
limit of the first slope estimate (excluding any berms that
may be present)(Figure 6-5). Therefore the first estimate is
of the form:

3-Hpp

tan a = (eq. 6.15)

stope1= B

where Ly, 1 is the total distance between -1.5H,, and
+1.5H,,, above and below the still water line, and B is defined
here as the beach foreshore distance located between mean
lower low water (MLLW) and the barrier toe (By). Having
determined the first slope estimate, barrier runup is calcu-
lated using Equation 6.13 and reduced based on the appro-
priate reduction factors.

A second slope estimate is then performed based on the
runup calculated using the first slope estimate. The break-
ing limit is again defined as 1.5H,,, below the still water line,
while R, above the still water line defines the upper limit
for the second slope estimate. Therefore the second slope
estimate reflects:

surf zone

1-5'Hm0 + RZ% 1st estimate

leope 27 B

tana = (eq. 6.16)

Having determined the second slope estimate, the final
barrier runup estimate is calculated using Equation 6.13
and is reduced based on the appropriate reduction factors.

Finally, it is important to note that runup estimates based
on barrier runup calculations are very much dependent on
correctly estimating the average slope of the beach and near-
shore. We have found for several sites along the Bandon and
Bastendorff/Lighthouse shore where the beach is backed by
a bluff (e.g.,, Bandon 7-11 profiles and Coos 7-11 profiles),
that runup calculations derived using the TAW approach
produced in some cases relatively low runup levels (maxi-
mum runup of 5.1 m). This is entirely due to there being a
very wide dissipative surf zone at these transect locations
that results in very low slope estimates, while profile sites
to the south (e.g., Bandon 12-14, and Bandon 19-21) are
characterized by a narrower surf zone and hence a higher
average slope. For those sites (e.g., Bandon 7-11 profiles
and Coos 7-11 profiles) where the calculated runup seems
unreasonably low (relative to the morphology of the beach
and observations of storm wave runup along this shore and
elsewhere), we have defaulted to the 1% total water levels
calculated using the Stockdon and others model; note that
for the Bandon 7-11 profiles the 1% Ty,s calculated using
the Stockdon and others model were about 1-2 m higher
than the barrier runup estimates calculated using DIM and
the TAW approach.

Bluff or
structure

beach foreshore

L

slope 1 |

leope 2 |

Figure 6-5. Determination of an average slope based on an iterative approach. The first estimate is initially
based on 1.5H,,, +£SWL, while the second estimate is based on 1.5H,,, below the SWL and the calculated Ry,
above the SWL that is based on the first slope estimate. SWL is still water level; MLLW is mean lower low water.
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6.2.3 Barrier runup reduction factors

Table 6-1 and Table 6-2 provide the barrier runup reduc-
tion factors used for those selected profile sites along the
Bandon and Bastendorff/Lighthouse beach shorelines. In
the case of bluff roughness along the Bandon shore, we
used a value of 0.6 due to the highly vegetated nature of
the Bandon bluffs. These bluffs are located at their stable
angle of repose and are covered with salal plants (Gaulthe-
ria shallon), where the plants form a deep, nearly impen-
etrable thicket. The decision to use 0.6 was based on discus-

Table 6-1. “Barrier” runup reduction factors used for calculating
runup on beaches backed by bluffs along the Bandon shore.

Surface Wave
Bandon Roughness, Berm, Direction,
Profile Ve Vo Ve Description
1 N/A N/A N/A dune backed
2 N/A N/A N/A dune backed
3 N/A N/A N/A dune backed
4 N/A N/A N/A dune backed
5 N/A N/A N/A dune backed
6 N/A N/A N/A dune/bluff backed
7 0.6 1.0 0.81 dune/bluff backed
8 0.6 1.0 0.89 bluff backed
9 0.6 1.0 0.90 bluff backed
10 0.6 1.0 0.99 bluff backed
11 0.6 1.0 0.98 bluff backed
12 0.6 1.0 0.99 bluff backed
13 0.6 1.0 1.0 bluff backed
14 0.6 1.0 1.0 bluff backed
15 N/A N/A N/A dune/bluff backed
16 N/A N/A N/A dune/bluff backed
17 N/A N/A N/A dune/bluff backed
18 N/A N/A N/A dune/bluff backed
19 0.6 1.0 0.96 dune/bluff backed
20 0.6 1.0 1.0 dune/bluff backed
21 0.6 1.0 1.0 dune/bluff backed

Note: values reported for the wave direction (yg) reduction factor reflect
the mean value determined for all storms. However, the actual value
calculated using Equation D.4.5-22 of NHC (2005) was used in the
individual runup calculations.

sions with W. G. McDougal (Coastal Engineer, Oregon State
University and Technical Coordinator of the North Pacific
FEMA West Coast Guidelines, pers. commun., April 2010).
Wave direction (y;) reduction factors presented in Table
6-1 and Table 6-2 are the mean values determined for all
storms for each transect site. However, when calculating
barrier runup, the actual values estimated using Equation
D.4.5-22 (NHC, 2005, p. D.4.5-13) were used.

Table 6-2. “Barrier” runup reduction factors used for calculating
runup on beaches backed by bluffs along the Lighthouse Beach
shore.

Surface Wave
Coos Roughness, Berm, Direction,
Profile Vs Vo Ve Description
1 N/A N/A N/A dune backed
2 N/A N/A N/A dune backed
3 N/A N/A N/A dune backed
4 N/A N/A N/A dune backed
5 N/A N/A N/A dune backed
6 N/A N/A N/A dune backed
7 1.0 1.0 0.73 bluff backed
8 1.0 1.0 0.74 bluff backed
9 1.0 1.0 0.72 bluff backed
10 1.0 1.0 0.68 bluff backed
11 1.0 1.0 0.64 bluff backed
11 N/A N/A N/A dune-/bluff backed

Note: values reported for the wave direction (yg) reduction factor
reflects the mean value determined for all storms. However, the actual
value calculated using Equation D.4.5-22 of NHC (2005) was used in the
individual runup calculations.
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6.3 Coos County wave runup and
total water level calculations

Using the transformed wave conditions and the measured
alongshore varying beach slopes, wave runup is computed
for each of the input conditions at each of the beach profiles
shown in Figure 6-6 by using a combination of the Stock-
don and others (2006) runup equation for dune-backed
beaches (Equation 6.4) and the DIM method for calculat-
ing wave runup on a barrier. In terms of the latter, this is
the only approach described in the revised Coastal Flood
Hazard and Analysis and Mapping guidelines developed for
U.S. West Coast beaches (NHC, 2005) that can be adopted
for calculating wave runup along bluff-backed beaches, as
is the case along the Bandon shore and at Lighthouse Beach
near Coos Bay.

For both models, the calculated runup is combined with
the appropriate measured tides to develop the Ty, condi-
tions used to generate both the 100-year (1%) return level
event and the 500-year (2%) return event. We computed
these extreme flood hazard statistics using the Stockdon
and others (2006) runup model (Equation 6.4) at all 21
profiles at the Bandon focus site and 12 profiles along Bas-
tendorff/Lighthouse Beach adjacent to Coos Bay. “Barrier”
runup calculations were undertaken using the methods
described above for the Bandon 7-14 and 19-21 profile
sites and for the Coos 7-11 profiles. The locations of these
profiles are given in Figure 3-1, and the beach slopes and
backshore features are provided in Table 6-3 and 6-4. Due
to the variability of the shoreline orientation at each of the
focus areas, the shore perpendicular transects were extend-
ed from the backshore to where they intersected the 20-m
contour (Figure 6-6 and 6.7). These intersections are where
wave statistics from the SWAN output were extracted.

Figure 6-6. Locations of the Bandon, Oregon, beach profiles and intersection points with
the 20-m contour.
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Table 6-3. 100-year (1%) and 500-year (0.2%) total water levels calculated for Bandon profile sites.

Bandon Beach 100-year! 100-year? 500-year! 500-year? E; D¢

Profile Slope (m) (m) (m) (m) (m) (m) Description
1 0.079 9.17 N/A 9.62 N/A 5.30 6.24 dune backed
2 0.092 9.93 N/A 10.43 N/A 6.07 6.97 dune backed
3 0.078 9.11 N/A 9.51 N/A 4.89 6.60 dune backed
4 0.075 8.96 N/A 9.36 N/A 5.14 6.61 dune backed
5 0.050 7.71 N/A 8.06 N/A 4.99 5.91 dune backed
6 0.042 7.22 N/A 7.48 N/A 3.66 5.34 /24.0 dune/bluff backed
7 0.032 6.87 5.16 7.16 5.24 4.58 6.35/25.3 dune/bluff backed
8 0.024 6.55 5.19 6.89 5.35 4.15 24.8 bluff backed
9 0.034 6.98 5.60 7.50 5.80 3.89 24.6 bluff backed
10 0.034 7.00 5.66 7.49 5.89 3.74 25.7 bluff backed
11 0.032 7.04 5.70 7.66 5.94 4.17 20.3 bluff backed
12 0.026 6.48 10.01 6.89 10.38 3.30 22.8 bluff backed
13 0.032 6.70 11.02 7.13 12.32 4.81 20.1 bluff backed
14 0.028 6.54 9.6 6.95 10.03 3.88 6.31/18.8 dune/bluff backed
15 0.033 6.76 N/A 7.21 N/A 4.79 8.80 /19.0 dune/bluff backed
16 0.024 6.35 N/A 6.73 N/A 4.40 7.71/15.4 dune/bluff backed
17 0.024 6.35 N/A 6.71 N/A 4.82 10.2/15.5 dune/bluff backed
18 0.021 6.28 N/A 6.67 N/A 4.27 7.28 dune/bluff backed
19 0.013 5.96 9.33 6.28 9.53 3.84 9.61/16.1 dune/bluff backed
20 0.030 6.45 8.14 6.86 8.93 5.93 10.57 / 15.6 dune/bluff backed
21 0.026 6.42 9.62 6.88 9.78 4.53 14.0 bluff backed

Note:

100-year! is based on the Stockdon and others (2006) runup model, while 100-year? is based on the barrier DIM/TAW runup model
(same for 500-year estimates).

100-year and 500-year total water level (Tw.) values relative to NAVD88 vertical datum.

D¢ is the dune crest elevation determined for the eroded profile.

Red text denotes that the dune crest is overtopped.

Table 6-4. 100-year (1%) and 500-year (0.2%) total water levels calculated for Coos profile sites.

Coos Beach 100-year' 100-year? 500-year’ 500-year? E; D¢

Profile  Slope (m) (m) (m) (m) (m) (m) Description
1 0.038 7.25 N/A 7.65 N/A 5.56 6.75 dune backed
2 0.036 7.30 N/A 7.77 N/A 5.28 7.27 dune backed
3 0.026 6.90 N/A 7.49 N/A 5.10 6.63 dune backed
4 0.023 6.58 N/A 7.10 N/A 4.13 5.38 dune backed
5 0.039 7.22 N/A 7.76 N/A 4.83 5.80 dune backed
6 0.037 7.12 N/A 7.68 N/A 4.73 7.30 dune backed
7 0.101 11.01 10.04 11.90 10.36 5.80 18.3 bluff backed
8 0.078 9.63 9.52 10.35 9.91 5.02 18.5 bluff backed
9 0.087 10.13 8.03 10.88 8.28 5.10 18.1 bluff backed
10 0.072 9.53 6.15 10.16 6.28 6.66 16.5 bluff backed
11 0.060 8.07 5.06 8.51 5.17 3.83 19.1 bluff backed
12 0.068 8.85 N/A 9.43 N/A 491 5.43 dune backed

Note:

100-year! is based on the Stockdon and others (2006) runup model, while 100-year? is based on the barrier DIM/TAW
runup model (same for 500-year estimates).

100-year and 500-year total water level (Tw.) values relative to NAVD88 vertical datum.

D¢ is the dune crest elevation determined for the eroded profile.

Red text denotes that the dune crest is overtopped.
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2 Kilometers <

Figure 6-7. Locations of the Coos beach profiles and intersection points with the 20-m contour.

Having calculated runup, we used the generalized
extreme value (GEV) family of distributions (specifically
the peak-over-threshold [POT] approach) to estimate the
100-year and 500-year total water levels for each of the
beach profile sites. Specific information about the extreme
value techniques used to estimate these total water levels is

described in Section 4.1. Figure 6-8 gives an example of the
extreme value (GPD-Poisson) model for the Coos Profile 4
site in which the 100-year event is 6.58 m and the 500-year
event is estimated to be 7.1 m. The results for all of the pro-
files can be found in Table 6-3 and 6-4.

100-year event = 6.58 m
500-yearevent=7.1m

8.5

N
~ &) ©
T T T

Return Level (m)
o
(9]

Return Period (years)

Figure 6-8. Example peak-over-threshold (POT) extreme value results for the 1% and 0.2% total
water levels at Coos Profile 4, located at Bastendorff Beach (dune-backed beach). Note the y-axis
vertical datum is relative to NAVD88.
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6.4 Overtopping calculations

Overtopping of natural features such as foredunes and spits
and of coastal engineering structures and barriers occurs
when the wave runup superimposed on the tide exceeds
the crest of the foredune or structure (Figure 6.9). Haz-
ards associated with wave overtopping can be linked to a
number of simple direct flow parameters including (Pullen
and others, 2007):

e mean overtopping discharge, q

e overtopping velocities over the crest and farther land-

ward, V

e overtopping flow depth, h, at a distance, y, landward of

the foredune crest or barrier

¢ landward extent of green water and splash overtop-

PINg Y6 outer

NHC (2005) noted that there are three physical types of
wave overtopping:

1. Green water or bore overtopping occurs when waves
break onto or over the foredune or barrier and the
overtopping volume is relatively continuous.

Splash overtopping occurs when the waves break
seaward of the foredune or barrier, or where the fore-
dune or barrier is high relative to the wave height and

overtopping consists of a stream of droplets. Splash
overtopping can be a function of its momentum due
to the runup swashing up the barrier and/or may be
enhanced due to onshore direct winds.

Spray overtopping is generated by the effects of wind
blowing droplets and spray that are derived from the
wave crests.

Mapping these respective flood inundation zones requires
an estimate of the velocity, V, or discharge, g, of the water
that is carried over the crest, the envelope of the water
surface that is defined by the water depth, h, landward of
the barrier crest, and the inland extent of green water and
splash overtopping. According to NHC (2005), these hazard
zones are ultimately defined on the basis of the following
two derivations:

o Base flood elevations (BFEs) are determined based
on the water surface envelope landward of the barrier
crest; and

e Hazard zones are determined based on the landward
extent of green water and splash overtopping, and on
the depth and flow velocity in any sheet flow areas
beyond that, defined as hV? = 5.7 m3®/s? or 200 ft3/s2.

Potential runup,

Crest velocity, V,

Crest flow

Reference water level depth, hc\

Extended slope

Runup excess Overtopping jet

Hinor Tos 13 ‘Barrier’ crest
TP, T 7 > Y
Fréeboard, F, Depth, h(y) |
hVv” =
200 ft’/s”
= /
n+n
“SWL /
Wave setup .
and dynamic Reduction Splashdown
unup factors Y6 outer
Y5 surface roughness
Y,» POrosity
Y, berm

Figure 6-9. Nomenclature of overtopping parameters available for mapping base flood elevations
(BFEs) and flood hazard zones (after NHC, 2005).
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A distinction can be made between whether green water
(or bore) or splash overtopping predominates at a particu-
lar location that is dependent on the ratio of the calculated
wave runup height relative to the barrier crest elevation, R/
Z.When 1< R/Z. < 2, splash overtopping dominates and for
R/Z. > 2, bore propagation occurs. In both cases, R and Z,
are relative to the 2% Dynamic Water Level (DWL,,,) at the
barrier (Figure D.4.5-12 of NHC [2005, p. D.4.5-22]).

6.4.1 Mean overtopping rate at the “barrier” crest

Wave overtopping of dunes and barrier is a function of both
hydraulic and barrier structure parameters whereby:

q = f(Huo Ty B, F., DWL,y, geometry) (eq.6.17)

where q is the overtopping discharge (expressed as cubic
meters per second per meter, m3/s/m [ft3/s/ft]), H,, is the
significant wave height at the toe of the structure, T, is the
peak period, B is the angle of wave attack, F, is the free-
board, and DWL,,, is 2% depth of water at the toe of the
structure (Figure 6.9).

Prior to calculating the mean overtopping rate at the bar-
rier crest it is necessary to first distinguish between four
contrasting types of wave-breaking situations that may
impact a particular barrier or dune overtopping situation.
There four conditions include non-breaking or breaking
on normally sloped barrier, and reflecting or impacting on
steeper barrier. Of these, the only one that applies to the
Coos County detailed coastal study sites is the breaking-
wave situation, where the waves have already broken across
the surf zone and are reforming as bores prior to swashing
up the beach face or barrier.

For beaches and normally sloping barrier (where 0.05
< tan a < 0.67), a distinction can be made between situa-
tions where waves break directly on the barrier versus
those situations where the waves have not yet broken.
These conditions can be determined using the surf similar-
ity parameter (Iribarren number) defined here in terms of
the beach or structure slope (tan a), and the wave steepness
(Sup = Hoo /L):

. tane _ tana
fﬂ’p - Ilﬁ - *.,."E (eq. 618)
V Lo

Breaking on normally sloping surfaces generally occurs
where the surf similarity number, §,, < 1.8, while non-

breaking conditions occur when §,,> 1.8. As noted above,
for the Coos County coastline the identified Iribarren num-
bers always fell below the 1.8 criteria, indicating that the
incident waves are always broken prior to reaching the
beach or the barrier face.

At the beach or barrier crest, the relative freeboard
(F./H.,), Figure 6.9, is a particularly important param-
eter because changing these two parameters controls
the volume of water that flows over the barrier crest. For
example, increasing the wave height or period increases the
overtopping discharge, as does reducing the ‘beach or bar-
rier crest height or raising the water level.

A variety of prediction methods are available for calcu-
lating the overtopping discharge and are almost entirely
based on laboratory experiments based on a range of struc-
ture slopes (slopes between 1:1 and 1:8, with occasional
tests at slopes around 1:15 or lower). Factors that will serve
to reduce the potential overtopping discharge include the
barrier surface roughness (y), the presence of a berm (y,),
wave approach directions (yg), and the porosity of the bar-
rier (y,) (Figure 6.9). In terms of porosity, increasing this
variable effectively reduces the wave runup and overtop-
ping discharge as more of the water is able to be taken up
by the voids between the clasts and particles. As noted by
NHC (2005), the effect of the porosity factor makes it conve-
nient to distinguish between impermeable and permeable
structures. Methods for determining the reduction factors
are described by NHC (2005, Table D.4.5-3, p. D.4.5-13),
with one difference whereby the approach recommended
for determining the wave approach (y;) reduction factor
for wave overtopping calculations is based on the following
equation:

B {1 —0.0033|B8,(0 < |B] < 80°)
o =

1—0.0033/80], (8] = 80°) } (eq. 6.19)

Of the four reduction?” parameters, only the angle of wave
attack (yB) was used to reduce the overtopping discharge
along the Coos County detailed study sites.

For normally sloping barrier (where 0.05 < tan o < 0.67)
and where the Iribarren number (§,,) < 1.8, the following

27 The presence of a berm (y,) can be ignored as berms are nonexistent in a
most eroded winter profile. The surface roughness (ys) was ignored because
the beach face and backshore are composed of sand and hence have only a
nominal effect on reducing overtopping. Porosity (y,) was also ignored as the
beach is characterized by medium to coarse sand and during major storms
the beach is typically in a "saturated" state due to the combination of high
runup and the storm duration, such that the beach is less capable of taking up
additional water.
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formulation can be used to determine the mean overtop-
ping discharge (both dimensional [g] and nondimensional
[@] forms) at the barrier crest:

H, ,tana

q=09a S (eq. 6.20)

??  where:

Q = 0.06e™*7F 4nd,

F. y[Sep 1

F' = B
Hpp tana yeyp¥plp

6.4.2 Overtopping limits and flood hazard
zones landward of the “barrier” crest

Estimates of the landward limit of the splashdown distance
associated with wave overtopping and the landward limit
of the hazard zone require several calculation steps. These
steps include:

1. The excess potential runup, AR =R - Z,, crest flow rate,
V. cos o (where V.= 1.1 Jgﬁ), and initial flow depth,
h. (where h, = 0.38AR) are first calculated.

2. The associated onshore wind component, W, is deter-
mined from available wind data. For the purposes of
this study, we used W, = 19.6 m/s (64.3 ft/s), which
was determined from an analysis of winds (mean
from a select number of storms) measured at the
Cape Arago C-MAN station operated by the NDBC. In
the absence of wind data, NHC (2005) recommended
a wind speed of 13.4 m/s (44 ft/s).

3. The enhanced onshore water velocity component (V,
cos )’ is then calculated using Equation 6.21:

(V.cos o) =

V. cosa + 0.3(W, — V. cosa) (eq. 6.21)

4. The effective angle, a.g; is calculated from:

V.sina

ta =—
eff = Wcosa)'

5. Having determined the above parameters, the outer
limit of the splash region, y;,ue- is calculated using
Equation 6.22. Here we have used an algorithm devel-
oped by W. G. McDougal (Coastal Engineer, Oregon
State University, and Technical Coordinator of the

North Pacific FEMA West Coast guidelines) of the
form:

(V.cosa)'
—_—%

.6.22
g (eq )

V6 outer =

V.sina — mBackshore = (V.cosa)’ »

1+ 1—2g +bBackshore
(V.sina — mBackshore + (V.cosa)'*

and

Z; = bBackshore + (mBackshore Vg ,urer)  (€Q. 6.23)

where bBackshore is the intercept for the backshore
slope adjacent to the barrier crest and mBackshore is
the slope of the backshore. Equation 6.22 is ultimately
based on Figure D.4.5-15 of NHC (2005, p D.4.5-30).

6. The total energy, E, of the splashdown is calculated
from E = AR - Z,..

7. Finally, the initial splashdown velocity, V, (where
Vv, = l.lw’ﬁ), and depth, h, (where h, = 0.19E) are
calculated. In the case of green water or bore overtop-
ping, the splashdown velocity, V,, can be calculated
from V, = 11{@» while the flow depth is deter-
mined as h, = 0.38E.

Having determined the initial splashdown velocity, V,,
and flow depth, h,, the landward extent of the overland flow
is calculated using an approach modified from that origi-
nally proposed by Cox and Machemehl (1986). The version
presented by NHC (2005) effectively calculates the flow
depth, h, with distance, y, from the barrier crest, such that
the flow depth decays asymptotically as y increases away
from the barrier crest, eventually approaching zero. The
NHC (2005) equation is shown as Equation 6.24:

5(y— ?
h(y) = |Jh, — ——= .6.24

where h, is determined from step 7 above and, for an ini-
tial approximation, the nondimensional A parameter may
be taken as unity. For sloping backshores, the A parameter
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in Equation 6.24 can be modified such that 4, = A (1 — 2
x tan ay;y), and the value in parentheses is limited to the
range 0.5 to 2. According to NHC (2005), if the maximum
distance of splash or bore propagation calculated using
Equation 6.24 does not appear reasonable or match field
observations, the A parameter can be adjusted in order to
increase or decrease the landward wave propagation dis-
tance. In addition, for green water or bore propagation the
A parameter value is taken initially to be 1.8.

For the purposes of this study we have adopted a modi-
fied version of Equation 6.24 developed by W. G. McDougal
of the form:

Y=Y

i
h(y)= |h?— (eq. 6.25)

3
2a(a+ 1)z (1 —2m) g°5T

where m is the slope of the backshore and a is a constant
that can be varied in order to increase or decrease the land-
ward wave propagation distance.

Finally, the landward limit of the hazard zone defined as
hV? = 5.7 m3/s? (or 200 ft3/s?) is determined, whereby h is
the water depth given by the modified Cox and Machemehl
(1986) method (Equation 6.25) and V = V, is calculated
from step 7 above.

6.4.3 Initial testing of the landward
limit of wave overtopping

Our initial computations of the landward extent of wave
overtopping using the steps outlined above yielded narrow
hazard zones for Coos County. To calibrate Equation 6.25,
we performed wave overtopping calculations and inunda-
tion for a site on the northern Oregon coast where there
are field observations of wave overtopping. The site is
Cape Lookout State Park, located on the northern Oregon
coast in Tillamook County (Allan and others, 2006; Allan
and Komar, 2002a; Komar and others, 2003). The south-
ern portion of Cape Lookout State Park is characterized by
a wide, gently sloping, dissipative sand beach backed by a
moderately steep gravel berm and, ultimately, by a low fore-
dune that has undergone significant erosion since the early
1980s (Komar and others, 2000).

On March 2-3, 1999, the crest of the cobble berm/dune
at Cape Lookout State Park was overtopped during a major
storm; significant wave heights reached 14.1 m (46.3 ft),
while peak periods were 14.3 seconds as measured by a
deep-water NDBC wave buoy (Allan and Komar, 2002b).
Wave overtopping of the dune and flooding extended 70 m
(230 ft) into the park (P. Komar, Emeritus Professor, College
of Oceanic and Atmospheric Sciences, Oregon State Uni-
versity, pers. commun., 2010), evidence for which included
photos and field evidence including pockmarks at the base
of the tree trunks located in the park. These pockmarks
were caused by cobbles having been carried into the park
from the beach by the overtopping waves, where the cobbles
eventually slammed into the bases of the trees as ballistics.
Because the average beach slopes at Cape Lookout State
park are analogous to those observed along the shore near
the Bandon south jetty and because large wave events asso-
ciated with extratropical storms affect significant stretches
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(hundreds to thousands of kilometers) of the coast at any
single point in time, we believe these data provide a rea-
sonable means in which to investigate a range of alpha (a)
values that may be used to determine the landward extent
of wave inundation in the park.

Using beach morphology data (slope (tan ) = 0.089, bar-
rier crest = 5.5 m [18 ft]) from Cape Lookout State Park and
deep-water wave statistics from a nearby NDBC wave buoy
(46050), we experimented with a range of alpha values

(Figure 6-10) in order to replicate the landward extent of
the inundation. As can be seen in Figure 6-10, in order to
emulate the landward extent of flooding observed at Cape
Lookout our analyses yielded an alpha of 0.58. Using alpha
= 0.58, we in turn calculated the extent of the hazard zone
where h(y)= 200 ft*/s? which was found to be ~34 m from
the crest of the cobble berm/dune, consistent with damage
to facilities in the park.

Bore height, h(y)(m)

— 0.0881
0.05
0.1
—02
—03
—0.58

40
Horizontal distance (m)

Figure 6-10. Calculations of bore height decay from wave overtopping at Cape Lookout State Park at
the peak of the March 2-3, 1999, storm based on a range of alpha (a) values.
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6.4.4 Wave overtopping and hazard zone
limits calculated for Coos County

Table 6-5 presents the results of the calculated splashdown
distances (V; ouer) and the landward extent of the flow (hV?)
where the flows approach 5.7 m3/s? (or 200 ft3/s?). As can
be seen from the table, the calculated splashdown distances
(V6 outer') based on a default wind speed of 13.4 m/s (44 ft/s)
(NHC, 2005) ranged from 0 to 3.5 m (0 to 11.5 ft); 1.0 to
3.2 m (3.3 to 10.5 ft) along the Bandon shore and 0 to 3.5
m (0 to 11.5 ft) along Bastendorff Beach. The Coos profile 2
site presents an interesting situation where the calculated
1% total water level (7.3 m [24 ft]) approximately equals
the beach/dune crest elevation (7.29 m [23.9 ft]), suggest-
ing that overtopping would probably not occur; in this sit-
uation the landward location of the primary frontal dune
would determine the width of the hazard zone. Overall, the
calculated splashdown distances produced narrow zones.

Table 6-5 includes a second, slightly more conservative
splashdown distance, based on an enhanced wind velocity
of 19.6 m/s (64.3 ft/s). This enhanced wind velocity was
determined from an analysis of wind speeds measured by
the Cape Arago C-MAN?® station located adjacent to the
mouth of Coos Bay. We examined the range of wind speeds
identified at Cape Arago for each storm event defined for
this study and identified a wide range of values, with the
maximum being 19.6 m/s (64.3 ft/s). Because the mea-
sured wind speeds reflect a 2-minute average such that
higher wind speeds have been measured throughout the
entire record (e.g., the maximum 2-minute average wind
speed was 29.3 m/s [96 ft/s], while the maximum 5-second
wind gust reached 38.1 m/s [125.0 ft/s]), we believe it is
justified to use the more conservative enhanced wind veloc-
ity of 19.6 m/s (64.3 ft/s).

28 http://www.ndbc.noaa.gov/station_page.php?station=CARO3

Table 6-5. Splashdown and hazard zone limits calculated for Coos County detailed coastal sites.

Number of Wave Maximum Maximum Maximum Distance
Overtopping Events, Splashdown Splashdown Maximum Width of from Profile
and Events Where hV? Yeouter* Ve outer® hV*(y)=5.7 Hazard Zone Benchmark
Profile  >5.7 m?/s? (200 ft®/s?) (m) (m) (m) (m) (m)
Bandon
1 127 /11 1.0 1.3 45.5 46.7 161.3
2 115 /15 2.6 3.4 59.0 62.4 131.8
3 103 /12 2.6 34 50.3 53.7 160.0
4 83 /15 3.2 4.1 56.0 60.1 112.0
5 55/1 0.9 1.5 8.9 10.2 83.8
6 101/3 1.2 1.9 211 229 46.4
Coos
1 6/0 0.4 0.6 — 0.6 304.4
2 0/0 — — — — —
3 3/0 2.3 3.1 — 3.1 192.4
4 105 /25 3.5 4.5 45.7 50.2 183.5
5 14/0 2.0 2.6 — 2.6 256.0
12 132 /132 1.3 1.7 113.9 115.6 -15.5

Note: V¢ ouer' is based on the default wind speed of 13.4 m/s, while y; ouer? uses a higher wind speed of 19.6 m/s. Values reported

in the table reflect the maximum values derived from all calculations.
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The calculated splashdown distances based on the
enhanced wind velocity component (Y uer’) ranged from
0 to 4.5 m (0 to 14.8 ft); 1.3 to 4.1 m (4.3 to 13.5 ft) along
the Bandon shore and 0 to 4.5 m (0 to 14.8 ft) along Bas-
tendorff Beach. The difference between the two enhanced
velocity components is ~30%. Because gale force winds are
common on the Oregon coast during the winter, we believe
it is justified to base the overtopping and hazard zone cal-
culations on the slightly more conservative enhanced wind
velocity component.

Hazard zone calculations shown in Table 6-5 indicate a
similarly broad range of values that vary from ~0 m to 116
m (0 ft to 381 ft), with the widest zones observed along the
Bandon shore, where overtopping significantly exceeds the
eroded beach crest elevations, and at Sunset Bay State Park
near Cape Arago. As described previously in Section 2.4.1,
field observations of past storm wave overtopping events
at Bandon indicate that logs and debris (Figure 2-9, Figure
2-10, and Figure 2-12) have been carried onto the parking
lot adjacent to the Coquille south jetty, with flotsam having
been observed as much as 200 ft landward of the beach. At
Bandon, the width of the calculated flow hazard zone varies
from 9 to 59 m (29.5 to 193.6 ft) relative to the barrier
crest. Hence, the field observations appear to be consistent
with the calibrated results identified in Table 6-5. For the
Bandon shore, the widest hazard zone occurs between the
Bandon 2 and 4 profile sites, with the hazard zone decreas-
ing to the south due to a combination of increasing beach
crest elevations and reduced wave heights (identified from

the wave shoaling modeling) due to the sheltering effects of
the offshore sea stacks and reefs.

Along Bastendorff Beach, the prescribed 5.7 m3/s? (200
ft®/s?) cutoff is reached at only two beach profile sites: Coos
4 and Coos 12. This response is entirely due to the gener-
ally lower wave heights observed on the north side of Cape
Arago (and hence lower calculated total water levels) and
the higher dune crest elevations identified along this sec-
tion of shore, effectively limiting the number of overtopping
events (Table 6-5), despite overtopping having been iden-
tified at a few of the sites. The one exception is the Coos
12 profile site at Sunset State Park, which shows an anoma-
lously high inundation zone; the anomaly is largely due to
the high calculated total water levels identified for this par-
ticular site. These latter estimates appear to be much higher
than anticipated given that the bay head is protected by a
narrow bay mouth, while the area offshore the bay is char-
acterized by extensive reefs and exposed rocks that would
almost certainly reduce the waves arriving in the bay. Discus-
sions with Oregon State Parks and Recreation Department
(OPRD) officials who manage and know the area confirmed
that wave overtopping of the barrier occurs approximately
every couple of years. Furthermore, a number of the events
have resulted in damage to park facilities, including flood-
ing of the restroom, damage to the road and pathways (e.g.,
chunks of asphalt having been ripped up), and ponding in
the parking lot. However, while overtopping has occurred,
the degree of the modeled overtopping response appears to
be significantly higher than in reality.
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7.0 COASTAL EROSION

In order to estimate beach (or bluff) erosion and the result-
ing profile changes that occur during a particular storm, it
is important to first establish the initial profile conditions
that existed prior to that storm. As outlined in Section 3.2,
this initial profile morphology represents the most likely
winter profile (MLWP) and forms the basis for determining
profile changes that could occur as a result of a particularly
severe storm or storms. After the MLWP for a site has been
established, the profile is modified according to the amount
of erosion estimated to occur during a specified storm as a
result of the increased water levels (tide + surge + El Nifio
Southern Oscillation [ENSO]) as well as from wave pro-
cesses, specifically wave runup. This section describes the
approaches used to establish the eroded profiles along the
Bandon shore and at Bastendorff Beach in Coos County.

7.1 Geometric model of foredune erosion

The erosion potential of sandy beaches and foredunes along
the Pacific Northwest coast of Oregon and Washington is a
function of the total water level produced by the combined
effect of the wave runup, R, plus the tidal elevation (E7),
exceeding some critical elevation of the fronting beach,
typically the elevation of the beach-dune junction (E)). This
basic concept is depicted conceptually in Figure 7-1A based
on the model developed by Ruggiero and others (2001), and
in the case of the erosion of a foredune backing the beach
the application of a geometric model formulated by Komar
and others (1999), Figure 7-1B. Clearly, the more extreme
the total water level elevation, the greater the resulting ero-
sion that occurs along both dunes and bluffs.

As canbe seen from Figure 7-1B, estimating the maximum
potential dune erosion (DE,,,) is dependent on first deter-
mining the total water level elevation, T}, diagrammed in
Figure 7-1A, which includes the combined effects of extreme
high tides plus storm surge plus wave runup, relative to the
elevation of the beach-dune junction (E)). Therefore, when
Tw., > E), the foredune retreats landward by some distance,
until a new beach-dune junction is established, the eleva-
tion of which approximately equals the extreme water level.
Because beaches along the high-energy Oregon coast are
typically wide and have a nearly uniform slope (tan {3), the
model assumes that this slope is maintained, and the dunes
are eroded landward until the dune face reaches point B in
Figure 7-1B. As a result, the model is geometric in that it
assumes an upward and landward shift of a triangle, one

side of which corresponds to the elevated water levels, and
then the upward and landward translation of that triangle
and beach profile to account for the total possible retreat
of the dune (Komar and others, 1999). An additional fea-
ture of the geometric model is its ability to accommodate
further lowering of the beach face due to the presence of a
rip current. This feature of the model is represented by the
beach-level change ABL shown in Figure 7-1B, which causes
the dune to retreat some additional distance landward until
it reaches point C. As can be seen from Figure 7-1B, the
distance from point A to point C depicts the total retreat,
DE,,.., expected during a particularly severe storm event
that includes the localized effect of a rip current. Critical,
then, in applying the model to evaluate the susceptibility of
coastal properties to erosion is an evaluation of the occur-
rence of extreme tides (E;), the runup of waves R, and the
joint probabilities of these processes along the coast (Rug-
giero and others, 2001). See Section 6, "Wave Runup and
Overtopping" for discussion.

The geometric model gives the maximum potential equi-
librium cross-shore change in the shoreline position land-
ward of the MLWP resulting from a storm. However, in
reality, it is unlikely that this extreme degree of response
is ever fully realized, because of the assumptions made in
deriving the geometric model with the intent of evaluating
the maximum potential dune erosion. As noted by Komar
and others (1999), in the first instance the geometric model
projects a mean linear beach slope. As a result, if the beach
is more concave, it is probable that the amount of erosion
would be less, though not by much. Perhaps of greater sig-
nificance is that the geometric model assumes an instanta-
neous erosional response, with the dunes retreating land-
ward as a result of direct wave attack. However, the reality
of coastal change is that it is far more complex, there in fact
being a lag in the erosional response behind the forcing
processes. As noted by Komar and others, extremely high
runups typically occur for only a short period of time (e.g.,
the period of time in which the high wave runup elevations
coincide with high tides). Because the elevation of the tide
varies with time (e.g., hourly), the amount of erosion can
be expected to be much less when water levels are lower.
Thus, it is probable that several storms during a winter may
be required to fully realize the degree of erosion estimated
by the geometric model; this did, for example, occur during
the winter of 1998-1999, when the last five storms were
the most extreme and erosive (Allan and Komar, 2002b). In
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Figure 7-1. (A) Foredune erosion model. (B) Geometric model used to assess the maximum potential
beach erosion in response to an extreme storm (Komar and others, 1999).

addition, as beaches erode, sediment is removed offshore
(or farther along the shore) into the surf zone, where the
sediment accumulates as nearshore sand bars. This process
helps mitigate incoming wave energy by causing the waves
to break farther offshore—dissipating much of the wave
energy and forming the wide surf zones that are character-

istic of the Oregon coast. In turn, this process helps reduce
the rate of beach erosion. In summary, the actual amounts
of beach erosion and dune recession are dependent on
many factors, the most important of which include the inci-
dent wave conditions, the Ty, and the duration of the storm
event(s).
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Tables 7-1 and 7-2 provide a summary of the input Table 7-1. Maximum potential dune erosion (DE.,) values
parameters used to calculate the maximum potential dune determined for Bandon using the geometric model.
erosion (DE,.,) along the Bandon shore and at Bastendorff

1%

Beach. However, because significant portions of the Bandon 1% Beach  Storm
and Bastendorff shorelines are backed by resistant bluffs, Tw. Ejmwp Slope MPED
the geometric model calculations and the storm duration _Profile  (m) (m) (tanf) (m) Description
recession reduction factors will be applied only to those 1 917 530 0.079 49.0 dune backed
bluffs that are fronted by a dune, and the remaining bluff 2993 607 0092 420 dune backed
sections will not be eroded. For these latter sites (denoted 3 911 489 0078 541 dune backed
by red in Tables 7.1 and 7.2), the most eroded winter pro- 4 896 514 0.075 509 dune backed
file will reflect the initial condition on which to perform 5 771 499 0.050 54.4 dune backed
the barrier runup calculations. The resulting calculated 6 722 366 0.042 84.8 dune/bluff backed
estimates for the maximum potential erosion based on this 7 6.87 458 0.032 71.6 dune/bluff backed
model are listed in Table 7-1 and Table 7-2, respectively, for 8 — 415 0.024 — bluff backed
Bandon and Bastendorff Beach. The estimated erosion dis- 9 — 3.89 0.034 — bluff backed
tances range from 17 to 160 m (56 to 525 ft); again, it needs 10 — 3.74 0.034 — bluff backed
to be recognized that these estimates reflect the maximum 11 — 4.17 0.032 — bluff backed
potential extent of dune erosion for that site. 12 — 3.30 0.026 — bluff backed
Because the duration of a storm is a major factor con- 13 — 481 0.032 — bluff backed
trolling beach and dune erosion, Kriebel and Dean (1993) 14 654  3.88 0.028 95.0 dune/bluff backed
developed an approach to account for the duration effects 15 676 479 0.033 59.7 dune/bluff backed
of storms with respect to the response time scale of a beach 16 635  4.40 0024 813  dune/bluffbacked
profile. The time scale for the erosion of a dune can be esti- 17 635  4.82 0.024 63.8 dune/bluff backed
mated using Equation 7.1: 18 628 427 0021 957  dune/bluffbacked
19 5.96 3.84 0.013 163.1 dune/bluff backed
baﬁ hb me - 20 6.45 5.93 0.030 17.3 dune/bluff backed
LGty ty,) Ty
g b 21 6.42 4.53 0.026 72.7 dune/bluff backed

where T is the time scale of response, C; is an empirical

constant (= 320), H, is the breaker height, h, is the breaker papje 7.2. Maximum potential dune erosion (DEn;) values
depth, g is acceleration due to gravity, B is the berm eleva- determined for Bastendorff and Lighthouse Beach using the
tion, m is the slope of the foreshore, W, is the surf zone geometric model.

width, and A is the beach profile parameter that defines

e . . 1%
an equilibrium profile. The beach profile parameter can be 1% Beach Stor(;n
estimated by T Epuwr Slope MPED
Profile (m) (m) (tan B) (m) Description
1 7.25 5.56 0.038 44.6 dune backed
3/2
h = Ay?/3 or, equivalently, x = (5) / (eq. 7.2) 2 730 528 0036 561 dune backed
: 4 3 6.90 5.10 0.026 69.3 dune backed
4 6.58 4.13 0.023 106.5 dune backed
wbere h is the water d(.apth at a distance x offshore from the 5 792 483 0.039 613 dune backed
still-water level and A4 is a. param?ter that governs the over- p 712 473 0.037 646 dune backed
all steepness of the profile and is a function of the beach
S . . . . . 7 — 5.80 0.101 — bluff backed
grain size. Using Equation 7.1 yields typical response times
for complete profile erosion that are on the order of 10 to 8 - 502 0.078 - bluff backed
100 hours (NHC, 2005). In general, as the surf zone width 9 - 5.10 0.087 - bluff backed
increases due to larger wave heights, smaller grain sizes, or 10 — 6.66 0.072 — bluff backed
gentler slopes, the response time increases. In addition, the 11 — 3.83 0.060 — bluff backed
response time will also increase as the height of the berm 12 8.85 491 0.068 57.9  dune/bluff backed

increases.
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Results of the time scale of profile response (Ts) calculat-
ed for every storm at each profile site is summarized graph-
ically in Figure 7-2 and Table 7-1 for the two detailed study
sites. For the purposes of this study, the breaker height, H,,
was calculated using the equation of (Komar and Gaughan,
1972) where:

H, = 0.39g/5(TH2)*/® (eq. 7.3)

The breaker depth, h,, was calculated using a breaker index
of 0.78, the berm elevation was established at 3 m (typi-
cal for PNW beaches), while the surf zone width, W,, was
determined for each h, value by interpolating along a pro-
file line of interest (Figure 7-3). Although we do have grain
size information available that can be used to define the A
parameter for Coos County, the approach we took was to
iteratively determine an equilibrium A value based on the
actual beach profile data. Here we used the profile data
seaward to the 8 m (26.3 ft) water depth, and a range of
A values were fit to the data until a value was found that
best matched the profile morphology. This approach was
adopted for all profile sites. However, at a few sites, the cal-
culated A value was erroneous, and the regional mean value
was used in its place. The mean A value determined from

the profile data was 0.133 for Bandon and 0.141 along Bas-
tendorff/Lighthouse Beach.

As can be seen in Table 7-3 and Figure 7-2, values for
Ts identified for Coos County are estimated to range from
a minimum of 8.8 to a maximum of 142 hours, consistent
with the analyses of NHC (2005). The highest Ts value was
observed at the Bandon 19 profile site and is due to the
low beach slopes that characterize this area as well as the
orientation of the shore relative to the bathymetry, effec-
tively extending the width of the surf zone and producing
an anomalously large time scale of profile response when
compared to adjacent profile site. Furthermore, the Bandon

Table 7-3. Simple statistics determined from an analysis of the
time scale of profile response (Ts) values along the Coos County
shore.

MeanTs STDTs Minimum Maximum
Region/ Beach Slope (hrs) (hrs) Ts (hrs) Ts (hrs)
Bandon/low slope 51.4 18.3 18.7 141.8
Bandon/high slope 29.6 9.6 14.8 73.6
Coos/low slope 48.6 11.9 26.8 88.9
Coos/high slope 219 10.8 8.8 46.3

Values reported here are based on the two predominant beach
conditions of low (tan = 0.03) and high (tan = 0.08) slopes. STD is
standard deviation.
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Figure 7-2. Plot of time scale of profile response, T, for the Bandon and Bastendorff Beach shorelines.
Note: mean values are indicated by circles and standard deviation by dashed black lines; dashed red lines

denote the values adopted for Coos County.
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Figure 7-3. The Bandon 21 profile site showing the locations of breaker depth,
hy, (red crosses) used to define the cross-shore width (W,) of the surf zone.

19 site is further complicated by the fact that Johnson Creek
flows to the south along this stretch of shore, which helps
to maintain the low beach elevations (due to saturation of
the beach face) and hence slopes at Bandon 19. Mean values
for Ts are shown as open circles in Figure 7-2, along with
the + 1 standard deviation demarcation lines (black dashed
lines). Rather than calculating individual T values for every
profile site, for the purposes of this study we used an aver-
age T value determined for our low (high) sloping beach
conditions that effectively characterize the two detailed
study shores. These values are shown as the red dashed
lines in Figure 7-2. Thus for steeper beaches, the mean time
scale of profile response is found to range from about 22 to
30 hours, while less steep beaches require time frames on
the order of 50 hours (Table 7-3). This approach is probably
reasonable, as the inclusion of any additional conservatism
would effectively extend the time scale of profile response
and hence would potentially reduce the degree of erosion
once the reduction factor is resolved.

The beach profile response is determined by a convolu-
tion integral. According to NHC (2005), the time dependen-
cy of the storm hydrograph may be approximated by:

f(t) = sin? (?’[Ti) foro<t<T, (eq.7.4)

where t is time from the start of the storm and T} is the
storm duration. The convolution integral is:

£
R
R(t) = —J-f('f)e‘(t‘ﬂf?—? dt,

(eq.7.5)
which integrates to:
R(1) B? ( t )
— = 1——0 - 7.
R ‘ T exp . (eq.7.6)

_l:ﬁz[cos(zT—T)+ﬁsin(2T—??-)]}

where = 2nTs /Tp and R,, is the maximum potential reces-
sion that would occur if the storm duration were infinite.
Thus, if the storm duration, T), is long relative to the time
scale of profile response, T, then a significant portion of
the estimated erosion determined by the geometric model
will occur. As the ratio of these two values decreases, the
amount of erosion will also decrease. The time required for
maximum beach and dune recession is determined by set-
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ting the derivative of Equation 7.6 to zero and solving for
time. This yields:
Tp

t, 21t,, (2Tt
exp (——)=COS< —)— — Sln( —)
T T, 21T T,

in which ¢, is the time that the maximum erosion occurs
with respect to the beginning of the storm. Unfortunate-
ly, this equation can only be solved by approximation or
numerically. Thus the maximum recession associated with
a duration-limited storm can be calculated by:

(eq.7.7)

R t
a = R_m =0.5 [1 —cos (2?1: T_m)] (eq.7.8)

oo D

where « is the duration reduction factor and R,, is the maxi-
mum recession that occurs for a given storm duration that
occurs at time t,,. As a result, the duration-limited recession
is:

In order to determine the duration reduction factor, «,
the duration of each storm event has first to be identified.
The approach used here involves an analysis of the number
of hours a specific total water level (Ty,) event was found
to exceed a particular beach profile’s beach-dune junction
elevation. Figure 7-4 is an example of the approach we used,
which is based on a script developed in MATLAB. In essence,
the blue line is the Ty, time series for a particular profile +3
days from the event that was first identified using the single
high/low beach slopes (black circles in Figure 5-9). The
script moves backward and forward in time from the iden-
tified event until the Ty, falls below the critical threshold
shown as the dune toe elevation line depicted in Figure 7-4,
which reflects the beach-dune junction elevation. The dura-
tion of the storm is then determined as the period where
the Ty, exceeds the threshold and includes the shoulders
of the event (i.e., when the Ty, first falls below the critical
threshold). This process was repeated for every storm and
for each profile site. One limitation of this approach that

R, =aR, (eq.7.9) was encountered is that it is possible for the duration to be
underestimated if the Ty, dips below the threshold for an
hour or more and then rises again above the threshold, as
depicted in Figure 7-4.
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Figure 7-4. Example plot of the approach used to define storm duration along the Coos County shoreline.
Note: The red asterisk denotes the original storm event identified using the low sloping beach condition
(tan B = 0.03), and the total water level, Ty, curve is determined for a representative profile located in
Bandon. The cyan blue circles denote the hours when the event exceeded the critical beach-dune junction
toe elevation (including the shoulders) that are used to define the “duration” of the event.
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Figure 7-5. Plot of storm duration, T, for the Bandon and Bastendorff/Lighthouse beach shorelines.
Note: mean values are indicated by circles and standard deviation by dashed black lines, The dashed
red line denotes the values adopted for Coos County. Tables 7-5 and 7-6 contain summary values.

Table 7-4. Simple statistics determined from an analysis of
storm duration values determined for the Coos County shore.

Mean Standard Design
Duration Duration Duration
Region / Beach Slope (hrs) (hrs) (hrs)
Bandon / low slope 9.78 4.98 14.76
Bandon / high slope 11.99 5.97 17.96
Coos / low slope 7.43 2.67 10.09
Coos / high slope 18.5 9.64 28.14

Values reported here are based on the two predominant beach slope
conditions of low (tan # = 0.03) and high (tan § = 0.08) slopes.

Figure 7-5 and Table 7-4 provide a summary of the dura-
tion values determined using the storm duration analysis
technique. As can be seen in Figure 7-5, estimates of storm
duration were found to range from several hours to as much
as 35 hours. Mean duration values are plotted in Figure 7-5
(open circles) along with estimates of the mean +1 standard
deviation (black dashed line). Because of the uncertainty
of this technique and the potential to underestimate the
actual duration of the storm, we decided to use the mean
duration value determined for the two predominant beach
slope conditions plus one standard deviation (Table 7-4).
This latter value is shown as the red dashed line in Figure
7-5. Using this approach, we have effectively increased the
potential for the dune to be eroded by having added some
level of conservatism. From this approach, storm duration
values identified for Coos County can be seen to range from
10 hours for the low sloping beaches at Bastendorff Beach
to as much as 28 hours for the steeper shore that character-
izes Lighthouse Beach. At Bandon the values ranged from
15 to 18 hours.
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Having calculated Ts and Ty, the final parameter, ¢, was Table 7-5. Summary parameters used to determine the storm
solved numerically using Equation 7.8. Table 7-5 provides recession reduction factor, a.

a summary of all the parameters used to identify the storm

recession reduction factor, a. As can be seen from Table 7-5 Design  Design Rgcisslsg;n
this yielded a recession reduction factor that ranges from Region / T, Duration Designt, Reduction
0.13 to 0.24 along the Bandon shore and 0.17 at Bastendorff =~ Beach slope (hrs) (hrs) (hrs) Factor, o
Beach. Applying these recession reduction factors to the  Bandon/lowslope  51.4 14.76 13.04 0.127
maximum potential erosion distances estimated using the Bandon / high slope  29.6 17.96 15.03 0.240
geometric model (Table 7-1) effectively reduces the extent  Coos / low slope 48.6 10.09 18.8 0.173
of dune erosion by about 13% to 24% along the Bandon  Coos / high slope 219 28.14 21.86 0.416
shore and 17% at Bastendorff Beach. Table 7-6 provides a
summary of the maximum potential erosion distances and
the reduced erosion distances calculated by Equation 7.9,
which is based on the recession reduction factors present-
ed in Table 7-5. As can be seen from Table 7.6, estimated
storm recession values range from 10 to 13 m (32.8 to 42.7
ft) for the steeper beaches adjacent to the Bandon jetties,
to between 8 to 20 m (26.3 to 65.6 ft) for the dissipative
beaches that make up the bulk of this shore. Comparable
dune erosion estimates are provided for Bastendorff Beach.
Table 7-6. Calculated duration limited recession (R ) for the Bandon shore and along Bastendorff Beach.
Bandon Bastendorff
1% Storm MPED Rn 1% Storm MPED R
Profile Description (m) (m) Description (m) (m)
1 dune backed 47.1 11.8 dune backed 44.6 7.7
2 dune backed 40.3 10.1 dune backed 56.1 9.7
3 dune backed 52.2 13.0 dune backed 69.3 12.0
4 dune backed 48.9 12.2 dune backed 106.5 18.4
5 dune backed 51.4 13.1 dune backed 61.3 10.6
6 dune/bluff backed 81.2 20.4 dune backed 64.6 11.2
7 dune/bluff backed 66.9 9.1 bluff backed — —
8 bluff backed — — bluff backed — —
9 bluff backed — — bluff backed — —
10 bluff backed — — bluff backed — —
11 bluff backed — — bluff backed — —
12 bluff backed — — dune/bluff backed 57.9 24.1
13 bluff backed — —
14 dune/bluff backed 89.6 12.19
15 dune/bluff backed 55.2 7.6
16 dune/bluff backed 75.0 10.3
17 dune/bluff backed 57.5 8.1
18 dune/bluff backed 88.6 12.2
19 dune/bluff backed 151.5 20.8
20 dune/bluff backed 12.3 2.2
21 dune/bluff backed 66.9 9.3

MPED is maximum potential erosion distance.
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The degree of dune erosion presented in Table 7-6, which is
based on monitoring of more than 150 beach profile sites
along the Oregon coast over a period of several years®’, pro-
vides a reasonable estimate when compared with actual
observed storm recession values.

Figure 7-6 and Figure 7-7 provide two examples where
the most eroded winter profile has undergone additional
erosion using the calculated duration limited recession
(R,) value for those particular sites. The first example is the
Bandon 16 profile site, where the beach is backed by a dune
and, farther landward, by a bluff. In this example, the cal-
culated maximum potential dune erosion (DE,,,) is ~64 m
(210 ft), while the duration reduced recession is ~8 m (26
ft). The location of the beach-dune junction is depicted in
Figure 7-6 by the solid black circle, while the most eroded
winter profile is shown as the black line; note that in this
example the beach has accreted since the late 1990s (green
line) such that the duration-reduced erosion is occurring
on the most eroded winter profile as recommended by NHC

29 http://www.oregongeology.org/sub/Nanoos1/index.htm

(2005). Because the underlying principle of the geomet-
ric model is for the slope to remain constant, the dune is
eroded landward by shifting the location of the beach-dune
junction upward and landward by 8 m to its new location,
where it forms an erosion scarp (Figure 7-6). In this exam-
ple, overtopping occurs on a small portion of the profile but
not the full profile, as the elevation of the remaining back-
shore is higher than the calculated 1% Ty,.

Figure 7-7 provides an example where overtopping
occurs in response to the calculated 1% Ty, for the Bandon
4 profile site. The calculated maximum potential dune ero-
sion (DE,,,) for Bandon 4 is ~51 m (167 ft), while the dura-
tion-reduced recession is ~12 m (40 ft). The location of the
beach-dune junction is depicted in Figure 7-7 by the solid
black circle, while the most eroded winter profile is shown
as the black line. As noted by NHC (2005), when dunes are
subject to major overtopping events, breaching of the dune
typically results in significant lowering of the dune mor-
phology and the development of an overwash fan on the lee
side of the dune. Because present methodologies are unable
to account for such responses, NHC recommended that
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Figure 7-6. Application of the duration-reduced erosion estimate to the most eroded winter profile

at Bandon 16.
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Figure 7-7. Application of the duration-reduced erosion estimate to the most eroded winter profile

at Bandon 4 where overtopping occurs.

the dune profile be adjusted by extending the most likely
winter profile slope to the backside of the dune. This type of
adjustment is demonstrated in Figure 7-7, where the entire
foredune is assumed to be eroded and removed as a result
of a major storm.

Unfortunately, there are no measured examples of the
type of response depicted in Figure 7-7 for the Coos County
area that can be used for comparison. However, monitor-
ing of beaches by DOGAMI on the Oregon coast provides
some suggestion that this approach is probably reasonable.
Figure 7-8 is an example of beach profile changes mea-
sured along a barrier beach adjacent to Garrison Lake, Port
Orford, located south of Bandon. In this example, the bar-
rier beach, which has a crest elevation of 8-9 m NAVD88

(26-29 ft), is known to have been overtopped during sev-
eral major storms in February/March 1999 (Figure 7-9)
(Allan and others, 2003). Analyses of the mean shoreline
position at this site indicate that changes in the morphology
of the beach are primarily controlled by the occurrence of
these major storms as well as by El Nifio climate events that
result in hotspot erosion. Examination of the beach profile
changes along the Garrison Lake shore indicates that during
major events characterized by overtopping, the crest of the
barrier beach is lowered, with some of the eroded sand car-
ried landward where it forms washover fans, while the bulk
is removed seaward to form sand bars. Ultimately though,
the top of the beach and any dune is entirely removed, con-
sistent with the response depicted in Figure 7-7.
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Figure 7-8. Example profile where a barrier beach is overtopped and eroded. This example is based
on measured beach profile changes at Garrison Lake, Port Orford, on the southern Oregon coast.

Figure 7-9. Overtopping of the barrier beach adjacent to Garrison Lake, Oregon, during a major
storm on February 16, 1999. (Photo courtesy of a Port Orford resident.)
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8.0 FLOOD MAPPING

8.1 Detailed coastal VE flood zone mapping

Detailed mapping of the 1% chance flood event within
selected areas of Coos County was performed using two
contrasting approaches, controlled ultimately by the geo-
morphology of the beach and backshore. In all cases we fol-
lowed the methods described in the final draft guidelines
of the Coastal Flood Hazard Analysis and Mapping for the
Pacific Coast of the United States (NHC, 2005, section D.4.9).

8.1.1 Bluff-backed beaches

For bluff-backed beaches, total water level (T},) values cal-
culated in Section 6.3, "Coos County wave runup and total
water level calculations" were extended into the bluff. The
first step involved identifying specific contours of interest,
which were extracted from the 1-m resolution bare-earth
lidar grid (surveyed in 2008). In all cases, the calculated
total water level (Ty,) values were rounded to the nearest
whole foot. For bluff-backed beaches the landward extent
of the coastal flood (VE) zone is defined by the contour rep-

resenting the total water level (Ty,) elevation calculated for
each of the represented detailed surveyed transects (e.g.,
Figure 8-1; Table 6-3 and 6-4).

To define the velocity zones between transects, we used
professional judgment to establish appropriate zone breaks
between the various transects. For example, along-shore
geomorphic barriers were identified within which the
transect total water level (Ty,) value is valid (Figure 8-2).
Slope and hillshade derivatives of the lidar surface and 1-m
orthophotos (acquired in 2009) provided base reference.
An effort was made to orient zone breaks perpendicular to
the beach at the location of the geomorphic barrier. In all
cases, the seaward extent of the flood zones was inherited
from the 2009 effective DFIRM.

8.1.2 Dune-backed beaches

For dune-backed beaches, the flood zone was determined by
calculating the degree of wave overtopping at each transect
location, which included the calculated splashdown distanc-
es (Y; ourer), bore height associated with wave overtopping
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Figure 8-1. Example of a bluff-backed beach (Bandon 11) where the calculated total water level and
defined velocity (VE) zone extend into the bluff. MLWP is most likely winter profile, MHHW is mean
higher high water, and MLLW is mean lower low water.

Oregon Department of Geology and Mineral Industries Special Paper 44

83



Coastal Flood Insurance Study, Coos County, Oregon

\VE((EL 22)

Figure 8-2. Example of along-shore zone breaks and their relationship to geomorphic barriers and
surveyed transects. Surveyed transects are symbolized as black dashed lines; zone breaks are solid

gray lines.

(h,), and the landward extent of the flow (hV?), where the
flows approach 5.7 m?®/s? (or 200 ft3/s?). Table 8.1 lists the
overtopping calculations for each transect characterized by
a dune-backed beach. “Distance” reflects the farthest point
landward of the dune crest that experiences coastal flood-
ing due to overtopping and is ultimately controlled by the
extent of the landward flow where it approaches 5.7 m3/
s? (or 200 ft3/s?); values greater than 5.7 m3/s? (or 200 ft3/
s?) are located within the velocity (VE) zone, while lower
values are outside the velocity zone.

“Distance from x where Bore > 2 < 3 ft” marks the land-
ward extent of flood zones where the bore height (h,) was
determined to be between 0.61 and 0.91 m (2 and 3 ft high)
and were ultimately rounded up to the nearest whole foot
(i.e., having an elevation of 0.91 m [3 ft] above the land sur-
face). “Distance from x where Bore < 1” marks the seaward
extent of flood zones where the bore height falls below 0.3
m (1 ft) (i.e,, having an elevation of 0.3 m [1 ft]) above the
land surface; all values less than 0.3 m (1 ft) were round-
ed up to the nearest whole foot. Areas where flood zones
exhibited bore height elevations of 0.61 m (2 ft) above the
land surface were inferred as existing in the area between
the two previously described regions (i.e., between “Dis-
tance from x where Bore > 2 < 3 ft” and “Distance from x
where Bore < 1”). The final column, “hV? Transition” repre-

sents the landward extent of the VE zones. As noted previ-
ously, any landward flow greater than 5.7 m3/s? (or 200 ft3/
s?) was determined to be located within the velocity (VE)
zone, while values less than this threshold were designated
as AE zone.

Similarly to the process for bluff-backed beaches, pro-
fessional judgment was used to establish appropriate zone
breaks between the detailed transects. This was achieved
through a combination of having detailed topographic
information of the backshore and from knowledge of the
local geomorphology. Some interpretation was required to
produce flood zones appropriate for the printed map scale.
Elevations were identified from the 1-m resolution bare-
earth lidar grid to aid in establishing zone breaks due to
changes in flood depth landward of the dune crest (Figure
8-3). Slope and hillshade derivatives of the lidar surface and
1-m orthophotos provided base reference.

For flood zones seaward of the dune crest, the calculated
total water level (Ty,) values were used. As with the bluff-
backed beaches, along-shore geomorphic barriers were
identified within which the transect total water level (Ty,)
value is valid. In all cases, an effort was made to orient zone
breaks perpendicular to the beach at the location of the geo-
morphic barrier. The seaward extent of the flood zones was
inherited from the 2009 effective DFIRM.
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Table 8.1. Overtopping calculations for surveyed transects located on dune-backed beaches.

Maximum Maximum
Splashdown Bore Heightat Distance fromx  Distance from x
Distance, Distance, Splashdown, where where hV?
Transect b'¢ Yeouter h, Bore>2<3ft Bore < 1 ft Transition
1D (m) (m) (ft) (m) (m) (m)
Bandon
1 208 1.3 1.71 NA 26.03 46.7
2 194.13 3.4 1.93 NA 36.4 62.4
3 213.65 3.4 1.75 NA 29.1 53.7
4 172.03 4.1 1.83 NA 335 60.1
5 94 1.5 1.09 NA 4 10.2
6 69.31 1.9 1.24 NA 10.6 229
Bastendorff
1 305 0.6 0.64 NA NA 0.6
2 3249 NA NA NA NA NA
3 195.5 3.1 0.77 NA NA 3.1
4 233.72 4.5 1.73 NA 28.7 50.2
5 258.56 2.6 0.97 NA NA 2.6
12 100.07 1.7 2.05 1.6 40.9 115.6

Note: Location of x (m) is based on the crest of the eroded profile. All landward boundaries are relative to the location
of x (m).

VELEE CL3 )

\VE(EL 30),

Figure 8-3. Example of zone breaks for dune-backed beaches. Surveyed transects are symbolized as black
dashed lines; zone breaks are solid gray lines. Blue flood zones are VE zones; orange zones are AE zones.
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8.2 Coastal V-zone mapping along
Coos County shoreline

8.2.1 Dune-backed beaches

The FEMA guidelines provide little direct guidance for map-
ping velocity (V) zones in areas where no detailed studies
have occurred, other than by defining the location of the
primary frontal dune (PFD). The PFD is defined as a

continuous or nearly continuous mound or ridge of sand
with relatively steep seaward and landward slopes imme-
diately landward and adjacent to the beach and subject to
erosion and overtopping from high tides and waves during
major coastal storms. The landward limit of the primary
frontal dune, also known as the toe or heel of the dune,
occurs at a point where there is a distinct change from a
relatively steep slope to a relatively mild slope. The primary
frontal dune toe represents the landward extension of the
Zone VE coastal high hazard velocity zone. (Part 44 of the
U.S. Code of Federal Regulations, Section 59.1; FEMA Coastal

Hazard Bulletin, No. 15%%)

The approach developed by DOGAMI to define the mor-
phology of the beach and dune system, including the loca-
tion of the PFD, was based on detailed analyses of light
detection and ranging (lidar) data measured by USGS/
NASA/NOAA in 1998 and 2002 and by DOGAMI in 2008.
However, because the lidar data flown by USGS/NASA/
NOAA is of relatively poor resolution (~1 point/m?) and is
unclassified (i.e., single return such that it includes vegeta-
tion where present), while the lidar data flown by DOGAMI
has a higher resolution (8 points/m?) and was classified
(i.e., multiple returns) to allow the development of a bare-
earth digital elevation model (DEM), determination of the
PFD was based entirely on analysis of the 2008 DOGAMI
lidar data. In addition to identifying the PFD, we processed
all available lidar data in order to assess a suite of other
important morphological parameters, including beach-
dune juncture elevations, beach/bluff slopes, dune crest/
bluff top, and contour changes (e.g., dune erosion).

To perform these morphological assessments, lidar data
flown in 1998 and 2002 were downloaded from NOAA's
Coastal Service Center®! and gridded in ArcGIS using a near-
est neighbor algorithm, while the 2008 lidar data were
independently quality controlled and were gridded by the
lidar contractor, Watershed Sciences, Inc. Transects spaced
50 m apart were cast for the full length of the county coast-

30https://www.floodmaps.fema.gov/listserv/ch_jul02.shtml

31 http://www.csc.noaa.gov/digitalcoast/data/coastallidar /index.html

line using the Digital Shoreline Analysis System (DSAS)
developed by the USGS (Thieler and others, 2009). For each
transect, xyz values for the 1998, 2002, and 2008 lidar data
were extracted at 1-m intervals along each transect line and
were saved as a text file using a customized ArcGIS script.

Processing of the lidar data was undertaken in MATLAB
using a custom beach profile analysis script developed by
DOGAMI. This script requires the user to interactively define
various morphological features including the dune/bluff
crest/top, bluff slope (where applicable), landward edge of
the PFD, beach-dune juncture elevations for each year, and
the slope of the beach foreshore. Figure 8-4 provides two
examples from profiles 1380 and 1386 on the north Coos
spit. In these two examples, the dune crest ranges in eleva-
tion from 10 to 11 m high. Also evident is that the seaward
face of the dune eroded landward by 17.2 m (56.4 ft, pro-
file 1380) and 18.2 m (59.7 ft, profile 1386) between 1998
and 2008; shoreline change (erosion/accretion) was deter-
mined based on the change in position of the 6 m (19.7 ft)
contour elevation, which is an excellent proxy for determin-
ing the effects of storm erosion (Allan and others, 2003). In
the case of profile 1386, if erosion continues unabated, it
can be expected that this section of shore will lose the bulk
of the existing primary dune. Figure 8-5 is a graph showing
the change in position of the 6 m (19.6 ft) contour for all
dune-backed beaches in Coos County. As can be seen from
Figure 8-5, erosion predominates along both the north Coos
Spit and along much of the New River Spit, while much of
the shore along Hubbards Beach located north of Bandon
appears to be accreting.

Figure 8-6 shows the locations of the PFD (yellow dots)
determined from the 2008 lidar data, overlaid on a 2009
orthophoto, while the shaded polygon reflects the original
A zone established for this area in the 1970s. As can be seen
in Figure 8-6, for these locations the original A zone clearly
excludes a significant portion of the active beach face and,
importantly, the PFD. This difference probably highlights
the extent of erosion that has taken place over the past 40
years (i.e., since the A zone was originally drawn). Alter-
natively, some or all of these differences may also reflect
inherent errors associated with the original base maps.

The approach we developed to establish new V zones
for the dune-backed beaches involved several steps. First,
the actual locations of the PFD were plotted in ArcGIS and
overlaid on both current and historical aerial photos of the
county. In a number of locations the PFD was found to be
located either farther landward or seaward relative to adja-
cent PFD locations. This response is entirely a function of
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Figure 8-4. Example beach profiles for the north Coos Spit derived from 1998, 2002, and 2008 lidar
data. Solid black dots denote locations of the dune crest and primary frontal dune (upper plots for
each profile) and the beach dune juncture elevations (lower plots for each profile).
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Figure 8-5. Storm-induced dune response determined for dune-backed beaches in Coos County for
the period 1998-2008. Change estimates are based on the maximum erosion/accretion response
determined over the 10-year period (typically 1998-2008).

Figure 8-6. Plot showing the locations of the primary frontal dune (PFD; yellow dots), 6-m contour
(green line), projected storm-induced erosion (blue line), and final V zone (red line). Green shading
denotes the original A zone established in the 1970s. This example shows three profile sites (1368,
1369, and 1371) where the location of the V zone have been shifted east, initially to match the es-
timated storm erosion line, and then farther east to better conform with the adjacent PFDs (e.g.,
profiles 1367 and 1370).
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the ambiguity of defining the PFD as defined above in the
FEMA definition. Our observations of the PFD approach
highlighted a number of uncertainties, including:

1. There were numerous examples of smaller dune fea-
tures that have begun to develop in front of a main
dune (or are the product of erosion of the dune) but
have not yet attained dimensions and volumes where
they would be considered an established dune or may
continue to erode and could disappear entirely (Figure
8-7). However, the PFD approach does not account
for such features. In this example, the smaller dunes
are almost certainly subject to erosion and periodic
overtopping and have morphologies that resemble
the FEMA PFD definition. However, because they are
subject to erosion responses they are more ephemeral
in nature and it is debatable whether they should be
defined as PFDs. Furthermore, over the life of a typi-
cal map (~10 years) these dunes could be eroded and
removed entirely, leaving a “gap” between the original
polygon boundary and the eroding dune. For example,
from repeated observations of beach profile transects
on the northern Oregon coast, single storm events

have been documented to remove as much as 9-25
m (30-80 ft) of the dune (Allan and Hart, 2007; Allan
and Hart, 2008);

. The PFD does not adequately account for broad (i.e.,

several hundred meter wide) barrier spits with no
dune development or for parts of the spit character-
ized by low elevations that are subject to frequent
wave overtopping. The landward edge of the barrier
may be bounded by a river (e.g., the New River Spit)
or in some cases an estuary.

. The PFD does not adequately account for a large

established foredune, where the dune may have
attained heights of 10-15 m (33-50 ft), with cross-
shore dimensions on the order of 50-100 m (165-330
ft) wide. In this example, there may be a clear land-
ward heel located well inland away from the beach
(e.g., profile 1369 in Figure 8-6), but the PFD is clearly
not subject to "frequent” wave overtopping due to
its height and erosion (because of its large volume of
sand). Defining the PFD at the location of the heel may
be reasonable but would almost certainly generate a
very conservative V zone. Furthermore, because the
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frontal dune (PFD) could conceivably be drawn seaward of its existing location and meet the FEMA

definition of PFD.
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morphology of dunes along Coos County is not uni-
form (e.g., as observed along linear type dunes), adja-
cent PFDs were found to fluctuate significantly from
one transect to another.

To account for these variations and uncertainties, the
PFDs shown on the profile plots (e.g., Figure 8-4) were re-
examined and adjustments were made where necessary.
These adjustments included the following steps:

1. At some locations, the V-zone line running through
a particular PFD was physically moved so that it was
more in keeping with the adjacent PFD locations to its
immediate north and south.

2. Atanumber oflocations, the identified PFD was found
to be located very close to the active beach (i.e., the
PFDs in those locations were relatively narrow and
hence had generally low sand volumes contained in
the dune). Because of their close proximity to the
beach and hence susceptibility to erosion from a storm
event(s), and because of the degree of erosion that has
occurred during the last 10 years along the north Coos
Spit and New River Spit, additional adjustments in the
location of the V-zone line were undertaken; note that
we did not adopt this approach everywhere along
the Coos County shore — only along those sections of
shore that exhibited strong evidence of existing ero-
sion activity. Included in Figure 8-6 is the location of
the 6-m contour (green line), which provides a good
proxy for the transition from dune face to active beach
foreshore. The blue line in Figure 8-6 corresponds to
a projected storm erosion line that is based on the
expectation that the dune will probably continue to
erode landward over the next several years. The blue
“erosion” line was defined as the mean erosion value
determined for a particular reach of shore (e.g., north
Coos Spit) plus one standard deviation. The purpose
of including one standard deviation to the mean ero-
sion value is to account for the alongshore variation in
the existing dune erosion response. This last assump-
tion is reasonable given the following:

o The current phase of ocean wave heights con-
tains the highest observed waves of the past
30-40 years, such that the 100-year storm wave
of a decade ago now occurs in almost every
winter, increasing the risk of beach and dune
erosion;

o GPS beach monitoring on the northern Oregon
coast by DOGAMI indicates that the majority of
sites presently being monitored are continu-
ing to erode and, more importantly, to have less

sand volume today compared with a decade
ago — indicating little to no post-storm recovery.

o Sea level is gradually rising along the Coos
County coast and will likely accelerate due to cli-
mate change effects (Komar and others, 2011).
The current estimate of the rate of sea level rise
determined for the Charleston tide gauge is 1.12
+ 0.95 mm-yr'. Furthermore, the PNW coast
experiences El Nifios approximately every 3-7
years, with major events occurring on the order
of 10-15years. These latter events increase ocean
water levels along the PNW coast by 50-60 cm
(20-24 in) , relative to the summer minima and
coincide with the seasonal peak of the winter
waves, enabling waves to reach to much higher
elevations on the beach.

o Although the PNW coast FEMA flood methodol-
ogy does not explicitly define an approach for
dealing with erosion when mapping V zones, it is
required when mapping VE zones (i.e.,, VE-zone
mapping is based on the most eroded winter
profile, plus a geometric erosion response of the
dune associated with a major storm[s], in order
to map wave runup elevations and overtopping).

o Using historical beach profile data to adjust the
location of the PFD results in an updated map
that reflects conditions expected over the typi-
cal useful life of the map, which is approximate-
ly 10-15 years. This process is not intended to
account for long-term erosion expected at the
study site.

Having identified the PFD, beach/dune line, and pro-
jected erosion in GIS, the V zone was adjusted to account
for these various evaluations. As can be seen in Figure 8-6,
two of the PFDs fall seaward of the storm erosion line. In
this example, the two PFDs are analogous to the PFD adjust-
ment 1 category described above. Furthermore, because of
the high probability that the shore will continue to eroded
from storms over the next decade, the V zone has been shift-
ed slightly farther landward so that it lands either on the
blue erosion line or slightly landward of it (depending on
the configuration of adjacent PFDs to the north and south).
Figure 8-6 also provides an example where the V-zone line
is shifted seaward at profile 1369, due to the presence of
a very high, broad dune, which places the heel of the dune
well landward relative to adjacent dune morphologies. With
this approach, similar adjustments were made elsewhere
along the length of the Coos County shore (Figure 8-8).
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Figure 8-8. Plot showing the locations of the primary frontal dune (PFD; yellow dots), 6-m contour
(green line), projected storm-induced erosion (blue line), and final V zone (red line). Green shading
denotes the original A zone established in the 1970s. This example shows several profile sites (1419,
1421, 1422, and 1423) where the location of the V zone has been shifted east, initially to match the
estimated storm erosion line, and then farther east to better conform with the adjacent PFDs (e.g.,
profiles 1420 and 1423).

8.2.2 V-zone mapping at creek mouths

At Ten Mile Creek in northern Coos County the creek even-
tually reaches the beach on the north Coos Spit. Figure 8-9
is a map of the alongshore morphology of the creek and
beach. In this example, it can be seen that the PFDs are
in fact located well seaward of the identified V zone. The
reason for this discrepancy is that examination of 1967
historical aerial photographs of the area indicates that the
mouth of the creek has varied its position significantly over
the past 40 years. As can be seen in Figure 8-9 (top), the
mouth of Ten Mile creek is presently (2009) located slightly
north of the central part of the beach. In contrast, the mouth
of the creek in 1967 was located much farther to the south.
This type of morphological response is not unusual along
the Oregon coast; many creeks are characterized by similar
temporal variability. Furthermore, from observations else-

where on the Oregon coast (e.g., along Rockaway Beach and
Gold Beach), itis not uncommon for creek mouths to change
position in response to high ocean waves. Changes in sedi-
ment transport patterns may also push the creek mouth in
one direction or the other. Periodically, during high river
discharge, creeks may even breach sections of the beach.
The variability of the location of the creek mouth increases
the risk and uncertainty of flooding in these areas. Because
of these issues, mapping of the V-zone line was adjusted
on the basis of a combination of assessments of recent his-
torical information (i.e., aerial photos) and contemporary
information. We used a combination of approaches to help
define the landward limit of the V zone, including informa-
tion derived from the aerial photographs such as the pres-
ence of flotsam and debris, geomorphic indicators such as
depressions where water may be ponding (e.g., wetlands),
and lidar data to better constrain the terrain.
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Figure 8-9. Example of V-zone mapping undertaken where a creek arrives at the coast and is subject
to varying outlet locations. This example is for Ten Mile Creek in northern Coos County, Oregon.
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Figure 8-10. V-zone mapping along coastal bluffs located on the south side of Cape Arago, Coos
County, Oregon. Yellow dots denote the locations of the bluff/cliff top, while the red line reflects the
17-m (56-ft) runup contour elevation estimated using an adjusted DIM approach that is based on
a pre-defined (deterministic) extreme storm scenario. The latter was used as a simple example to
contrast two potential approaches for mapping V zones along coastal bluffs.

8.2.3 V-zone mapping along coastal bluffs

Finally, a significant section of coastline midway along Coos
County is characterized by coastal bluffs of varying heights.
We explored a variety of approaches that could be used to
define V zones along this section of the coast. These options
included:

1. Mapping the top of the bluff (Figure 8-10, yellow dots),
which is a readily identifiable feature that can be used
to constrain the landward extent of the V zone;

2. Defining a worst-case storm and based on a few rep-
resentative bluff slopes, perform total water level
calculations using the adjusted DIM approach. Figure
8-10 includes one such example, which yielded a 1%
total water level of ~17 m (56 ft); and,

3. 1% total water level calculations could be undertaken
based on the morphological parameters derived from
the lidar profile analyses, and from the wave modeling
results determined for the 20-m (65 -ft) bathymetry
contour.

Each of these approaches has limitations. For example,
the deterministic approach is problematic since it reflects
a range of pre-defined storm parameters, including some
form of average bluff slope and average adjustment factors.
Alternatively, the complete total water level analysis would
require significantly more time to complete at a far greater
cost than is probably warranted for a section of coast that is
largely unpopulated. As a result and after careful consider-
ation and discussion with FEMA coastal staff, the approach
adopted by DOGAMI was to map the top of the bluff using a
combination of the lidar profile analyses (i.e., mapping the
bluff top), assessments of lidar contour data, and examina-
tion of aerial photographs.
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APPENDIX A. GROUND SURVEY ACCURACY ASSESSMENT PROTOCOLS
DETERMINED BY WATERSHED SCIENCES, INC.

A.1 Base station protocols

Whenever possible, existing and established survey bench-
marks shall serve as control points during lidar acquisition.
The National Geodetic Survey (NGS) provides an online
searchable database of survey benchmarks. In addition,
county surveyor’s offices often establish their own bench-
marks. NGS benchmarks are preferred for control. In the
absence of NGS benchmarks, county survey offices may
be able to provide additional control points. While some
county surveyor’s offices will make benchmark data avail-
able online, a phone call to the office will likely be needed to
determine whether benchmark data exist and whether they
can be accessed. All GPS measurements should be taken
on public property or public easements when possible.
For GPS measurements on private property, the property
owner must grant access.

The project control point will be occupied by a GPS
base station for an initial period of at least six hours. This
occupation occurs during the lidar acquisition. When NGS
benchmarks are available as project control points, the
occupation time can be reduced to match the data acquisi-
tion period if acquisition requires less than six hours, but
the occupation period should be no less than four hours on
a NGS benchmark.

All GPS measurements must be made with dual frequen-
cy L1-L2 receivers with carrier-phase correction. All GPS
measurements must be made during periods with PDOP
(position dilution of precision) less than or equal to 3.0 and
with at least six satellites in view of both a stationary refer-
ence receiver and the roving receiver.

To provide redundancy in project control measurements,
a second GPS base station occupation occurs during the
same period as the initial project control point occupation.
The second base station is placed in close enough proximity
to cover the acquisition area should something go wrong
and the initial base station fails.

The NGS online positioning user service (OPUS) is used
to generate a corrected position for all base station obser-
vations. OPUS provides a measurement solution based on
three surrounding continuously operating reference sta-
tions (CORS). OPUS output includes a solution report with
positional accuracy confidence intervals for adjusted coor-
dinates and elevations. The solution report is one compo-
nent in assessing the quality of the adjusted static GPS mea-
surements.

Further occupations for project control points are
required when a NGS or other established benchmark is
not used. Subsequent observations during the acquisition
period will require an occupation of at least three hours,
unless the nearest CORS station is greater than 80 km (50
mi) away from the project control point. A minimum occu-
pation period of four hours is required when the distance
exceeds 80 km (50 mi).

Statistical checks of GPS base station positions and
repeat control point observations include the OPUS extend-
ed output report that results when an OPUS solution is cre-
ated. These checks also include the standard deviation, kur-
tosis, and skew of the measurement distribution for each
base station occupation. Longitude, latitude, and elevation
distributions are separated, and graphic distributions of
the positions are plotted. Mission detail for each occupation
should also include length of observation time and dilution
of precision (DOP) ranges (average, minimum, and maxi-
mum) that occurred during the observation. The combina-
tion of this statistical output is used to assess whether mea-
surement distributions are normally distributed and within
acceptable tolerances.

A.2 RTK protocols

Real-time kinematic (RTK) GPS positions are collected
throughout the project area to provide individual check-
points for lidar positions. RTK positions include coordi-
nates and elevations. All RTK measurements should be
taken on public property or public easements when pos-
sible. For RTK measurements on private property, the prop-
erty owner must grant access.

RTK positions must be collected on 20% of the flight
lines and on bare-earth locations such as roads, mowed
fields, and other locations where the ground is clearly vis-
ible (and is likely to remain visible) from the sky during
the data acquisition and RTK measurement period(s). In
order to facilitate comparisons with lidar measurements,
RTK measurements should not be taken on highly reflec-
tive surfaces such as center line stripes or lane markings
on roads. In addition, it is desirable to include locations that
can be readily identified and occupied during subsequent
field visits in support of other quality control procedures
described later. Examples of identifiable locations include
manhole and other flat utility structures that have clearly
indicated center points or other measurement locations. In

Oregon Department of Geology and Mineral Industries Special Paper 44

97



Coastal Flood Insurance Study, Coos County, Oregon

the absence of utility structures, a PK nail can be driven into
asphalt or concrete and marked with paint or an aluminum
tag.

RTK measurements should be collected no closer than
3 m (10 ft) (about four steps for most people) from one
another to support measurement independence. An RTK
point acquisition period shall be 5 seconds long and include
three individual 1-second measurements that will be aver-
aged together. This is the default Trimble Specification for
RTK. The 5-second observation period allows the GPS rover
to check and ensure an accurate point is taken. RTK points
will not be taken during periods with PDOP greater than 3,
horizontal and vertical RMS values are greater than 0.030,
or with fewer than than six visible satellites. An RTK check-
point shall also be taken at the beginning and end of each
base station session as close to the base station location as
possible to provide an on-the-spot vertical accuracy check.

The position of flight lines to be tested is also impor-
tant. Flight lines should be selected on the basis of trans-
portation access and location on publicly owned lands and
right-of-ways unless permission has been secured from the
property owner ahead-of-time. In addition to these con-
siderations, potential testable flight lines are evaluated by
calculating the number of flight lines needed to meet the
20% criteria. In the case of 34 flight lines, 0.20 is multiplied
by 34, with the result (6.4) being rounded up to the next
highest integer: 7 flight lines. When possible the flight lines
should also be systematically spread throughout the project
area and not consistently located adjacent to each other. A
goal in this example would be to have RTK measurements
taken generally every fourth or fifth flight line such that at
least seven flight lines are visited. A minimum of 60 RTK
positions should be recorded along each flight line wher-
ever possible.

A comparison of RTK elevations and the lidar-derived
modeled ground surface provides a means of assessing
overall vertical accuracy for the entire lidar dataset. The
distribution of elevation differences between RTK data and
the ground surface model are plotted and characterized
with descriptive statistics to provide a means for evaluating
internal consistency of the RTK point dataset. Root mean
squared error (RMSE) and standard deviation for the dif-
ferences between RTK points and ground surface model are
calculated to evaluate bias in the lidar data. Systematic bias
identified by the RMSE statistic is modeled out of the lidar
dataset. The value for 1-sigma of the differences between
RTK and modeled ground surface is defined as the 67th per-
centile of the absolute value of the differences. To meet ver-
tical accuracy specifications, the 1-sigma value for a deliv-
ered lidar dataset must not exceed 15 cm (5.9 in).

A.3 Monument and RTK results
A.3.1 Monuments

Whenever possible, multiple sessions were observed at
base station locations. All sessions were statistically com-
pared to each other in order to ensure accurate base sta-
tion coordinates and elimination of systematic errors that
might otherwise be incorporated into the data. At least
three observations and a standard deviation of 1 cm or less
among observations in the Northing, Easting, and Ellipsoi-
dal fields was required for a base station location to be used
for lidar flight processing purposes, with NGS sites being
the exception to this rule. In some cases of monuments used
for RTK purpose a three-session minimum was not possi-
ble. This occurred in locations where flight acquisition loca-
tions changed in the span of a day or two and the ground
crew had to move base locations in order to collect RTK in
new acquisition flightline locations. For these locations an
initial minimum 6-hour first session was observed and was
followed by a half-hour session to verify measurements
from initial occupation. Table A.1 lists the base stations and
measurement statistics from the Oregon Lidar Consortium
(OLC) South Coast Project.

A.3.2 RTK

All RTK points were collected in reference to base station
locations that followed base station protocols. RTK check-
points were preformed both before and after RTK survey
points were collected in order to provide on-the-spot qual-
ity control checks and to ensure accurate data. As of March
23, 2009, the RTK count for the OLC South Coast Project
was 24,277 points and the flightline count was 2012. These
numbers are subject to small changes as the project is com-
pleted. Of the 2012 total project flightlines, 533 include RTK.
The percentage of flightlines covered is 26%, 6% above the
20% threshold target.
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Table A.1. Base stations and measurement statistics from

: Used for flight processing

the Oregon Lidar Consortium South Coast Project. : RTK only
PID Northing (m) Std Dev Easting (m) Std Dev Ellip (m) Std Dev # Obs
OLCJN1 4666220.858 <0.01 399711.396 <0.01 428.475 <0.01 12
OLCJN2 4666155.322 <0.01 399706.338 <0.01 427.870 <0.01 8
OLCJN3 4656275.052 n/a 393108.055 n/a 1.811 n/a 1
OLCJN4 4657589.207 <0.01 399651.388 <0.01 31.933 <0.02 2
OLCJN5 4702637.625 <0.01 389332.665 <0.01 -21.890 <0.01 2
OLCJN6 4698044.799 <0.01 382642.986 <0.01 -19.346 <0.01 2
OLCJN7 4740657.581 <0.01 378229.471 <0.01 33.225 <0.01 2
OLCJN8 4779201.413 <0.01 387890.854 <0.01 -19.734 <0.01 2
OLCJN9 4738140.397 n/a 378849.089 n/a -13.568 n/a 1
OLCJN10 4762425.185 <0.01 443449.247 <0.01 307.728 <0.01 9
OLCJN11 4756051.474 n/a 436586.997 n/a 543.201 n/a 1
OLCPWH1 4687270.124 <0.01 382506.977 <0.01 177.778 <0.01 19
OLCPWH2 4710287.912 <0.01 385042.422 <0.01 =13175 <0.01 19
OLCPHW3 4702124.511 <0.01 387970.167 <0.01 -15.340 <0.01 2
OLCPWH4 4681309.086 <0.01 384202.897 <0.01 -21.678 <0.01 2
OLCPWH5 4740298.491 <0.01 390768.356 <0.01 68.264 <0.01 14
OLCPWH6 4776402.725 <0.01 389970.028 <0.01 -22.854 <0.01 12
OLCPWH?7 4743708.796 <0.01 372662.857 <0.01 32.003 <0.01 2
OLCPWH8 4780741.819 <0.01 402442.921 <0.01 -19.743 <0.01 11
OLCPWH9 4759314.063 <0.01 434620.842 <0.01 733.518 <0.01 9
OLCPWH10 4790269.129 <0.01 433439.918 <0.01 285.251 <0.01 5
OLCPHW11 4779682.074 <0.01 414713.410 <0.01 62.611 <0.01 11
OLCPHW12 4790270.270 <0.01 4790270.270 <0.01 285.248 <0.01 2
OLCPHW13 4761862.735 <0.01 427539.620 <0.01 50.495 0.01 7
OLCPHW14 4760221.999 n/a 431534.642 n/a 328.574 n/a 1
OLCPHW15 4755161.790 <0.01 410445.287 <0.01 43.503 0.01 5
OLCPWH16 4750402.292 <0.01 408211.552 <0.01 117.941 <0.01 B
OLCPWH17 4801727.123 <0.01 412411.585 <0.01 -19.865 <0.01 5
OLCBTK1 4664562.643 n/a 391698.742 n/a 295.173 n/a 1
OLCBTK?2 4658270.548 <0.01 391242.844 <0.01 -16.064 <0.01 2
OLCBTK3 4666680.742 n/a 387928.675 n/a -6.578 n/a 1
OLCBTK4 4655631.143 n/a 395065.180 n/a -21.946 n/a 1
OLCCF1 4757729.860 n/a 409032.158 n/a 28.559 n/a 1
OLCCF2 4757586.134 <0.01 408789.877 <0.01 102.674 <0.01 3
OLCCF3 4764953.485 <0.01 409391.804 <0.01 -7.289 <0.01 2
6NCM1 4864905.915 <0.01 416192.929 <0.01 41.926 <0.01 10
6NCM?2 4839596.009 <0.01 410973.605 <0.01 -19.441 <0.01 10
7SLM1 4822112.593 <0.01 433279.632 <0.01 162.416 <0.01 5
7NCM1 4842411.205 n/a 442191.044 n/a 467.113 n/a 1
7NCA1 4842411.196 <0.01 442191.046 <0.01 467.110 <0.01 3
7NCA2 4842403.553 <0.01 442186.080 <0.01 467.500 <0.01 4
OLC5CD1 4789602.399 <0.01 427784.309 <0.01 217.600 <0.01 4
OLC5CD2 4799242.703 <0.01 402825.444 <0.01 -20.988 <0.01 7
OLC5CD3 4799963.451 n/a 426243.777 n/a 241.631 n/a 1
OLC5PGW1 4800631.429 <0.01 391634.520 <0.01 -2.435 <0.02 3
OLC6MSD1 4834028.062 <0.01 426389.093 <0.01 -18.560 <0.01 2
OLC6MSD2 4834030.383 <0.01 426376.813 <0.01 -18.419 <0.01 10
OLC6MSD3 4816762.790 <0.01 401446.106 <0.01 -12.939 <0.01 12
OLC7SAR1 4822812.778 <0.01 433574.635 <0.01 107.432 <0.01 5
OLC7SAR2 4823831.775 0.01 431686.482 <0.01 273.317 <0.01 8
OLC7SAR3 4822804.862 n/a 433577.377 n/a 107.470 n/a 1
CPOLC8_1 4870228.327 <0.01 413213.139 <0.01 -16.692 <0.01 5
JCALR1 4822669.266 <0.01 455210.461 <0.01 46.642 <0.01 3
JCMSD1 4822667.079 <0.01 455208.743 <0.01 46.580 <0.01 2
JCMSD2 4804407.327 n/a 471039.121 n/a 103.132 n/a 1
JCMSD3 4813754.699 <0.03 460961.284 <0.01 51.759 <0.01 2
OLC6AR1 4838594.441 n/a 416264.271 n/a -20.149 n/a 1
DH7020 4771371.788 n/a 385455.552 n/a 7.977 n/a 1
0A0754 4772733.838 n/a 384826.047 n/a -0.860 n/a 1
AA5136 4747265.302 n/a 387928.675 n/a -6.578 n/a 1

PID is the NGS Permanent Identifier, Std Dev is standard deviation, Ellip is ellipsoidal, and #0bs is number of observations.
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IX B. BANDON BEACH PROFILES
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APPENDIX C. COOS-BASTENDORFF/LIGHTHOUSE BEACH PROFILES

Coos 1 Horizontal distance (ft)
14:)0 12|DO 1 OIOO 3?0 6?0
125
? -
6 —20
g, =
[ o
3 115 §
Z 4+ 2
5§ | Highest Observed Tide 5
= B
2 3 {10 2
w w
MHHW "
2
’UV Wi M ls
1
L] -0
_1 1 L 1 L
550 500 450 400 350 300 250 200
Horizontal distance (m)
Coos 2 Haorizontal distance (ft)
1800 1600 1400 1200 1000 800 600
T T T T T
— Apra8
Sepl2
summer0g
Feb09 25
? -
6 20
E, =
[ o
% 158
£ 4t E
§ | Highest Observed Tide 5
= s
z 3 110 3
w m
HW
2= | II
J‘ﬂ -5
1k
L] -0
_1 ! L L 1 1 L Il il
600 550 500 450 400 350 300 250 200

Horizontal distance (m)

Oregon Department of Geology and Mineral Industries Special Paper 44 111



Coastal Flood Insurance Study, Coos County, Oregon

Coos 3 Horizontal distance (ft
o, 1600 1400 1200 1000 800 600 400
——— Aprag
Sep02
summer)s
Feb0g G
? -
6L 20
€, e
B [==]
§ 15 §
z 4t 2
g Highest Observed Tide g
3 3 1103
w 1T}
2
<45
;
0 -0
_1 L 1 1 L 1 L L
500 450 400 350 300 250 200 150
Horizontal distance (m)
Coos 4 Horizontal distance (ft
1400 1200 1000 800 600 400
25
? -
6 -20
E, g
[ [==]
3 415 §
£ 4t E:
g Highest Observed Tide ) g
s 3 410 3
w T}
2
<45
;
1] -0
_1 ! L 1 1 1 L L il
550 500 450 400 350 300 250 200 150 100

Horizontal distance (m)

112 Oregon Department of Geology and Mineral Industries Special Paper 44



Coastal Flood Insurance Study, Coos County, Oregon

Coos 5 Horizontal distance (ft
1400 1200 1000 800 600 400
25
? -
6l 20
€, e
[ [==]
§ 15 §
Z 4 2
g Highest Observed Tide ) g
z 3 110 3
w f}
2
<45
]
0 -0
_1 L L 1 1 1 L L 1
550 500 450 400 350 300 250 200 150 100
Horizontal distance (m)
Coos 6 Horizontal distance (ff
1600 1500 1400 1300 1200 1100 1000 900 800
——— Aprag
Sep02
summer)s
Feb0g —25
? -
6l -20
E, g
[ [==]
3 415 §
Z 4t 2
g Highest Observed Tide g
3 3 1103
w T}
HW
2
<45
]
of T 1o
y I L 1 1 L
500 450 400 350 300 250

Horizontal distance (m)

Oregon Department of Geology and Mineral Industries Special Paper 44

113



Coastal Flood Insurance Study, Coos County, Oregon

Coos 7 Horizontal distance (ft)
350 300 2|50 200 1?0 1?0 50 0
— AprQB
Sep02
summer0g 135
Feb09
30
3 -
125
£ S
2 2
£ &t {209
z z
H e
2 15 %
5 4f %
w Highest Observed Tide
<10
L MHHW
=5
or <0
A A A A A il vl il
110 100 80 B0 70 60 50 40 30 20 10 0
Horizontal distance (m)
Coos 8 Horizontal distance (ft)
350 300 2|50 200 1?0 1?0 50 0
— AprQB
Sep02
summer08 135
Feb09
30
3 -
<25
£ 3
S 2
£ &t {209
z z
% =
2 15 %
2 41 H
w 11}
w Highest Observed Tide
<10
2 =
=5
0 -0
il il il il il il il 1 il 1
110 100 a0 g0 70 60 50 40 30 20 10 0
Horizontal distance (m)
114 Oregon Department of Geology and Mineral Industries Special Paper 44



Coastal Flood Insurance Study, Coos County, Oregon

Coos 9 Horizontal distance (ft)
350 300 250 200 150 100 50 0
T T T T T T
——— Aprag
Sepl2
summer0g —35
Feb09
—30
3 -
25
E g
= ]
€ st 1203
2 Z
= 3
(=]
% “15 §
2 a4l %
w Highest Observed Tide
—10
MHHW
2 =
—15
0 —0
L 1 1 L Il
120 100 80 &0 40 20 0
Horizontal distance (m)
Coos 10 Horizontal distance (ft)
400 350 00 250 200 150 100 50 0
T T T T
——— Aprag
Sepl2
summer0g —35
Feb09
—30
3 -
25
£ g
2 2
S st 22
z S
- <
Q
?E: “15 8
B 4f %
w Highest Observed Tide
—10
MHHW
2 =
—15
or —0
1 L L L A
120 100 80 G0 40 20 0

Horizontal distance (m)

Oregon Department of Geology and Mineral Industries Special Paper 44 115



Coastal Flood Insurance Study, Coos County, Oregon

Coos 11 Horizontal distance (ft)
500 450 4?0 3?0 3?0 2?0 2!IJD 1?0 1 ?0 SID
—— Aprog
Sepl2
summer)s —35
Feb09
-30
3 -
<25
E &
] ]
£ &t {209
z S
5 &
% <115 %
2 41 H
w w
Highest Observed Tide
-10
b MHHW
—15
0 -0
1 L il 1 L
160 140 120 100 80 &0 40 20
Horizontal distance (m)
Coos 12 Horizontal distance (ft)
650 600 5?0 5?0 4?0 4?0 3?0 3?0
—— Aprog
Sepl2
summer)s
Feb0g 28
? -
6 —20
E, =
[ o
3 H1s §
Z 4 2
5 Highest Observed Tide é
£3 110 &
w Ll
2
45
.
L] -0

_1 A A Jd d Jd d d il A A
200 180 180 170 160 150 140 130 120 110 100 a0
Horizontal distance (m)

116 Oregon Department of Geology and Mineral Industries Special Paper 44



Coastal Flood Insurance Study, Coos County, Oregon

APPENDIX D. SPLASH OVERTOPPING NOTES DERIVED BY W. G. MCDOUGAL
(Coastal Engineer, Oregon State University, and Technical Coordinator of the North Pacific FEMA West Coast Guidelines)
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