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FROM THE EDITOR’S DESK:

Something for everyone... on their way to the beach
By 

Lesley C. Ewing, Ph.D., editor-in-chief

Astute Shore & Beach readers know 
we like to produce issues about 
special topics and issues about a 

general range of topics. I like both types 
of issues, one being the deep dive and the 
other a smorgasbord of ideas. The sum-
mer issue is often a nice time for the broad 
coverage, and this issue is an excellent 
example of subject diversity, covering sev-
eral discussions about recreation, beach 
structures influenced by plants and hard 
features, and variability in sea level and 
shoreline change. We’ve rounded out the 
issue with a summary of the 2024 Coastal 
Summit and an interview with Julie Ro-
sati, the 2023 O’Brien Award winner. This 
issue has something for almost everyone, 
but if you don’t see a topic that interests 
you, please consider submitting a paper 
that will help fill that gap.

I’ve spoken recently with some friends 
about their special summer holiday plans 
and what they do for Memorial Day, June-
teenth, Fourth of July, or Labor Day. It is 
not a random group, and, as most would 
guess, trips to the beach are high on the 
summer lists. The conversation often 
goes from beach visits to beach traffic. I 
grew up in a community that is between 
Washington, DC, Baltimore MD, and the 
ocean. Beach traffic would double the 
time required for me to visit family on 
summer weekends and I dreamt of a “get 
out of beach traffic” pass for non-beach 
travel. The ASBPA people who were in 
these traffic discussions reminded me 
that the beach traffic means beach tour-
ism, which is a major driver for the beach 
economy — yes, Dr. Jim Houston has us 
all well-trained in the financial under-
pinnings of the coast. Houston’s current 
paper, “The recreational and economic 
value of Florida beaches,” focuses on 
Florida beaches, many of which have 
benefited from beach nourishment with 
each dollar spent on beach nourishment 
multiplied many times in taxes, tourist-
generated revenues, and infrastructure 
protection. One example is from Miami 
Beach, where every $1 spent on beach 
nourishment has had a return of $550 
in tourist-generated taxes and $3900 in 

GDP. The values for Florida beaches may 
not be comparable to beaches elsewhere, 
but the general benefits that Jim identi-
fies for Florida can relate to many other 
tourist beaches.

Surfing is a growing and important 
subset of beach tourism; in California, it 
has been designated as the official state 
sport. The economic and recreational val-
ues of surfing have been recognized and 
studies have started to quantify surfing’s 
benefits; but surfing lags beaches in terms 
of planning and protection efforts. The 
paper “Planning protected area networks 
for surfing resources,” by Dan Reineman, 
Michael Blum, Jesse Reiblich, and Diego 
Sancho-Gallegos, makes the case for 
protecting surf areas and for protecting 
them as a system or network rather than 
as isolated sites. Their paper focuses on 
California and uses the system of Marine 
Protected Areas in California as a tem-
plate for an approach to surf protection, 
relying upon stakeholder involvement 
and surf resource data to formulate net-
works. With a view to a protected network 
system as a future goal, the authors hope 
their paper will stimulate conversations 
and planning efforts.

Most people have a short- to mid-term 
view of beach change, remembering how 
a beach looked when they last visited or 
when they first visited a beach area as a 
youngster. They realize the beach was 
there before their visits. Patrick Bar-
rineau’s paper, “One hundred years of 
inlet processes and barrier adjustments 
at North Inlet, SC,” provides an almost 
century-and-a-half–long perspective on 
shoreline change, based on historic data 
of Debidue Beach and North Inlet. The 
beach area is highly influenced by this 
mixed-energy inlet and, even though the 
inlet exhibits long-term stability, the shoal 
bypass trigger cycles of beach erosion 
and accretion. Management of this area 
needs to recognize the linkages of these 
cycles and the envelope of long-term 
change at Debidue Beach. Lessons from 
this system suggest more mixed-energy 
inlets should be examined to identify 

their relevant long-term change envelope. 
Barrineau ends the paper with several 
future research questions, supporting the 
idea that the more we investigate a coastal 
system, the more we identify things we 
don’t know.

While many questions remain about 
coastal change, researchers and coastal 
managers have long proposed the use 
of structures to reduce unwanted ero-
sion. The paper by Katherine Gannon, 
Matthew Janssen, and Jon Miller, “Influ-
ence of structure characteristics on wave 
transmission and shoreline response at 
a low-crested segmented breakwater in 
Little Egg Harbor Township, NJ,” uses a 
recently installed erosion-control struc-
ture to collect data on wave transmission 
that can improve predictive capability 
of models. Nourishment added to the 
beach area to augment the benefits of the 
segmented breakwater, and waves rapidly 
re-sorted the sand into salients. Gannon 
et al. used pressure measurements to 
develop a transmission coefficient for the 
segmented breakwaters, which identified 
much larger energy transmission that is 
recommended by the Suh and Dalrymple 
model. But when they used their modi-
fied transmission factor for the beach at 
Little Egg Harbor, they found good agree-
ment with site conditions, suggesting the 
original non-dimensional relationships 
relating breakwater length, gap, and dis-
tance offshore as proposed by Suh and 
Dalrymple are efficient means to influ-
ence salient amplitude with low-energy 
scaling effects captured by fit coefficients. 
The modified transmission coefficient 
would need to be tested at other locations 
to determine its value beyond its value at 
the original site.

JoAnne Castagna’s “Coastal Observa-
tion,” “How a sighting of the federally 
threatened seabeach amaranth has re-
sulted in increased erosion protection 
along the New Jersey coast,” is an en-
couraging story about the return of the 
seabeach amaranth to Monmouth Beach. 
Starting with a serendipitous discovery 
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One hundred years of inlet processes and  
barrier adjustments at North Inlet, SC

By

Patrick Barrineau
Coastal Science & Engineering Inc.
P.O. Box 8056, Columbia, SC 29205 

patrick@coastalscience.com

ABSTRACT
Debidue Beach and North Inlet are a coupled mixed-energy inlet-barrier system along 
the South Atlantic Bight in South Carolina, USA. Long-term chronic erosion along 
much of Debidue throughout the 20th century is the result of a shoreline adjustment 
triggered by an avulsion in the main channel of North Inlet occurring between 1926 
and 1934. We use a historical database of shoreline positions compiled by the United 
States Geological Survey (USGS) and the Analysis of Moving Boundaries Using R 
(AMBUR) package to quantify changes in the Debidue Beach shoreline over nearly 
150 years from 1872 to 2011. This analysis documents relatively large-scale shoreline 
changes (and equivalent volumetric changes above local depth of closure “DOC”) fol-
lowing the shift in channel position, and a logarithmic decrease in erosion rates over 
the following decades. Mixed-energy ebb-dominant inlets have considerable effects 
on adjacent beaches due to their ability to retain and shed large quantities of sand 
relatively quickly. This study demonstrates that even systems exhibiting long-term 
stability — like North Inlet — are indeed migrational landforms and should be consid-
ered as such when formulating shoreline management plans along adjacent beaches.

KEYWORDS: Ebb-tidal delta, bar-
rier evolution, shoreline adjustment, 
USGS.

Manuscript submitted 16 May 2024; 
revised and accepted 27 June 2024.

Debidue Beach is an eight-kilome-
ter-long mixed energy barrier 
located along the South Atlantic 

Bight in South Carolina, USA (Figure 
1). It is bordered to the north by Pawleys 
Inlet and Pawleys Island, and to the south 
by North Inlet and North Island. Debidue 
lies at the southern terminus of a semi-
discrete littoral cell that runs ~30 km 
from Murrells Inlet to North Inlet (Figure 
2). Net longshore sediment transport is 
from north to south; sediment bypasses 
Pawleys Inlet and migrates along Debidue 
Beach before moving along into North 
Inlet and further southward (Nummedal 
and Humphries 1978; Barnhardt et al. 
2009).

Because Pawleys Inlet is a relatively 
small migratory tidal inlet, it continu-
ously bypasses sediment towards Debidue 
Beach. North Inlet, however, is a larger 
system. Because there is a positive rela-
tionship between inlet size and the time 
elapsed between shoal bypass events, 
North Inlet generally exhibits relative sta-
bility over longer periods of time between 
bypass events (Gaudiano and Kana 2001). 

This manuscript presents measured 
horizontal shoreline changes along 

Debidue Beach from 1872 to 2011 and 
documents a large-scale bypass in the 
North Inlet system occurring between 
1926 and 1934. An arithmetic conver-
sion to volumetric quantities is used to 
compare these horizontal changes against 
long-term land loss (and gain) along the 
affected portions of Debidue Beach.

Periodic instability in the position of 
North Inlet has management implications 
for the estuary landward of the inlet as 
well as adjacent beaches. The findings 
presented herein suggest assumed rates of 
stability in larger inlet systems should be 
reviewed on a case-by-case basis, as even 
relatively large “stable” mixed-energy 
inlets can periodically undergo changes 
that affect long-term rates of change along 
adjacent shorelines. 

BACKGROUND
Mixed-energy inlets

The South Atlantic Bight is a broad 
concave embayment in the Atlantic Coast 
of the United States between Cape Hat-
teras (NC) and South Florida (see Figure 
1). Towards the outer regions of the bight, 
wave heights are relatively high and tide 
ranges are relatively low. In these areas 
such as the Outer Banks or the east coast 

of Florida, barriers are more wave domi-
nant with relatively low influence from 
tidal inlets (Hayes and Michel 2008). 

Towards the head of the bight, tide 
range increases such that barriers exhibit 
mixed-energy morphologies including 
multiple beach ridges and relatively large 
and closely spaced tidal inlets. Many 
of these mixed-energy inlets feature 
broad ebb-tidal deltas on their seaward 
boundaries, which include the standard 
suite of ebb-tidal delta morphologies 
like main ebb channels, terminal lobes, 
swash platforms, marginal linear bars 
and flood channels, and swash bars (see 
Hayes 1979).

As the various bars move about the 
ebb-tidal delta in response to prevailing 
wave and current conditions, the main 
ebb channel and marginal flood channels 
are likewise displaced. Periodically, a bar 
will migrate across one of these channels 
towards adjacent beaches and trigger 
rapid shoreline accretion (Kana et al. 
1999; Gaudiano and Kana 2001). Over 
time, this accretion generates a salient 
along adjacent beaches that indicates 
the long-term position of the attachment 
zone (FitzGerald 1982).

Depending on the arrangement of 
bars and channels in an inlet, or the 
configuration of the adjacent beach-bar-
rier-lagoon systems, main ebb channels 
can migrate and abandon their former 
position (FitzGerald et al. 2000; Beck 
and Wang 2019; FitzGerald and Miner 
2022). Lateral migration of the main 
inlet channel deflects the various other 
channels and bars of the ebb-tidal delta 
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Figure 2. Debidue Beach is bound to the north by Pawleys Inlet and the south by North Inlet. North Inlet is the 
southern downcoast terminus of an arcuate embayment whose upcoast terminus is at Murrells Inlet, approximately 
30 km north. Net longshore sediment transport in this embayment is from north to south, with Midway and Pawleys 
Inlets continuously bypassing sediment and Murrells Inlet manipulated by the U.S. Army Corps of Engineers to 
facilitate regular bypass events. (Image: Google Earth.)

Figure 1. Regional setting of the study area at Debidue Beach, South 
Carolina, USA. (Image: Google Earth.)

downcoast. When this occurs, the supply 
of sand accreting to the now-abandoned 
ebb-tidal delta is reduced and chronic 
erosion follows. This signature of erosion 
along abandoned ebb-tidal deltas has 
been described in other locations along 
the U.S. East Coast such as Fire Island, 
NY (Kana 1995); Nags Head, NC (Kana 
and Kaczkowski 2012); and Garden City, 
SC (CSE 2014).

Debidue Beach and North Inlet
Debidue Beach is a mainland-attached 

barrier along the southern end of the 
Waccamaw Neck in eastern South Caro-
lina, USA. The Waccamaw Neck itself is 
a long-term depositional feature built by 
gradual southwestward deflection of the 
Pee Dee River mouth from the Late Plio-
cene through today (Putney et al. 2004; 
Baldwin et al. 2006). The Debidue Beach 

barrier is a smaller extensional spit built 
over the course of this larger regional 
trend, which indicates a net southerly 
direction in longshore sediment transport 
over geologic timescales.

A marshy stand of maritime forest 
<1 km in length is the only portion of 
Debidue Beach that is attached to the 
mainland at high tide. To the south of 
that connection, beach ridge geometries 
suggest processes of spit extension and 
rotation built much of Debidue Beach. 
Comparisons between historic charts 
against 20th-century aerial imagery ap-
pear to confirm this hypothesis. Seaward 
progradation in the water line from the 
18th century through today also indicates 
a positive net sediment budget along the 
spit portion of Debidue Beach until the 
early 20th century (see Figure 3; Williams 
and Gresham 1975). It is likely this salient 
was built from longshore sediment trans-
port moving sand south along Debidue 
Beach from the continuously bypassing 
Pawleys Inlet. This continuous supply 
of upcoast sediment combined with a 
period of relative stability in the position 
of North Inlet would disrupt longshore 
sediment transport and function like a 
terminal groin, a common process along 
mixed-energy inlets with periodic rela-
tive positional stability (Nummedal and 
Humphries 1978).
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Figure 3. Historical aerial image 
(1975) of south Debidue Island 
showing approximate locations of 
earlier shorelines and inlets. (After 
Williams & Gresham 1975)

Table 1. 
Data sources used herein (see Himmelstoss et al. 2017 for additional details).
Year	 Source	 Data type	 Accuracy
1872	 USGS	 Naval chart	 5m
1926	 USGS	 Naval chart	 5m
1934	 USGS	 Naval chart from imagery	 5m
1942	 USGS	 Naval chart from imagery	 5m
1950	 USGS	 Imagery	 3m
1957	 USGS	 Imagery	 3m
1962	 USGS	 Naval chart from imagery	 1m
1963	 USGS	 Imagery	 1m
1973	 USGS	 Imagery	 1m
1984	 USGS	 Imagery	 <1m
2000	 USACE	 Elevation	 <1m
2006	 USACE	 Elevation	 <1m
2011	 USACE	 Elevation	 <1m

Hardened structures present along 
Debidue Beach during the 1872 to 2011 
study period consist of a timber weir jetty 
~80 m in length at Pawleys Inlet 7 km 
north of the 2011 position of North Inlet, 
a ~1,400-m long timber bulkhead with 
crest elevation ~3 m NAVD 88 ending 
3.5 km north of North Inlet, and a pair 
of relatively small timber groins (~50 m 
long) approximately 3 km north of North 
Inlet. The timber weir jetty at Pawleys 
Inlet was constructed between 1963 and 
1967, but remained buried for much of 
the study period. The timber bulkhead 
was originally constructed in 1981 and 
re-constructed in 1984, but has been ex-
posed for less than 10% of the length of 
the study period. The smaller groins were 
installed in ~1970, but were not main-
tained and derelict by 1980 (CSE 2014). 

North Inlet is a mixed-energy ebb-
dominant tidal inlet located to the south 
of Debidue Beach and contains a relatively 
large tidal prism (14.9 ± 2.99 x 106 m3) 
and ebb-delta volume (10.6 x 106 m3) 
compared to other similar systems along 
the South Atlantic Bight (Gaudiano and 
Kana 2001). Based on the dimensions and 
locations of these structures, and the rela-

Figure 4. Historical navigational chart (1926) of south Debidue Island 
showing approximate locations of a portion of North Inlet along with a 
modern base satellite image overlay. The co-location in marsh creeks, 
islands, and other features suggests the horizontal error in these historical 
sources is acceptable for the analysis presented herein.
tive size and tidal prism of North Inlet, it is 
unlikely any of the three structures bears 
measurable influence on the exchanges of 
sediment between Debidue Beach and the 
inlet system (Gaudiano 1998).

METHODS
A database developed by the United 

States Geological Survey (USGS) con-
tains shapefiles of shorelines for South 
Carolina from 1852 to 2000 (Morton and 
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Figure 5. The AMBUR package setup used a baseline located well landward 
of any measured modern or historic shoreline along Debidue Beach, with an 
8 km baseline running alongshore and shore-normal transects spaced every 
100 m along the length of the baseline (see Jackson et al. 2012).
Miller 2005; Himmelstoss et al. 2017). 
This database derived shorelines from 
digitized and rectified naval charts, aerial 
and satellite imagery, and elevation sur-
veys. The 1852 shoreline is not complete 
along Debidue Beach, but shorelines are 
available from 1872 to 2000. 

Additional USACE shorelines digi-
tized from elevation surveys in 2006 and 
2011 were included as well. Shoreline 
dates and data sources are provided 
in Table 1, along with information on 
rectification methods and differences in 
horizontal error between data sources. 

Older sources like those used to delin-
eate the 1872 and 1926 shorelines were 
charted using horizontal datums (e.g., 
Clarke’s Spheroid) that can be translated 
into modern coordinate systems (e.g., 
WGS 1984). As a result, horizontal error 
is relatively low; the co-location of marsh 
creeks between historical and modern 
charts seems to corroborate this assump-
tion (Figure 4). 

These older charts delineate two 
shorelines, which improves confidence 
in their ability to serve as an appropriate 
comparison with modern imagery and 

GPS-based shoreline positions. Charts 
note one shoreline indicating mean high 
water (MHW), with another lighter or 
dashed line indicating the position of 
mean low water (MLW) (see Figure 4). 
Later iterations of the shoreline surveys, 
based on satellite imagery, use the wet-
dry line to mark the estimated shoreline 
position (e.g., 1942, 1973, 1984). 

Fortunately, in this mixed energy 
setting that boundary is a decent proxy 
for the MHW position (see Morton and 
Miller 2005; Himmelstoss et al. 2017). 
Surveys collected since 2000 rely on GPS-
derived elevations to identify shoreline 
positions. These data provide regularly 
spaced elevation based MHW positions 
to derive a linear shoreline. 

North Inlet is a novel setting along 
the South Atlantic Bight in that a low 
overwash-prone flying spit extends miles 
south of a relatively stable upland. The 
spit appears to have extended between 
1926 and 1934, based on comparison of 
historical shoreline positions. The older 
upland is present on charts going back to 
the earliest European surveys of the area 
(Zarillo et al. 1985). The washover spit is 
present in an October 1939 aerial image 
(i.e., collected during perigean spring 
tides) as an intertidal platform (elevation 
<1.5 m NAVD88) with little to no vegeta-
tion and hummocky topography.

Whereas such spit growth is quite 
common in the region, the relatively rapid 
accretion of Debidue Spit between 1926 
and 1934 is not. North Inlet is a relatively 
large system (Gaudiano and Kana, 2001; 
Hayes and Fitzgerald 2013), indicating 
that such an avulsion would require the 
transport of millions of cubic yards of 
sediment over a relatively short time. So 
the scale required to move an inlet this 
size is assumed to outstrip unavoidable 
error in historic charts.

Once the shorelines were compiled 
into a geodatabase, the Analyzing Moving 
Boundaries Using R (AMBUR) pack-
age for the R software environment was 
used to measure changes and calculate 
descriptive statistics (Jackson et al. 2012). 
AMBUR uses a baseline and transect 
method to quantify distances and rates 
of horizontal shoreline movement over 
time. For this study, a shore parallel 
baseline was drawn along 13 km on the 
landward side of Debidue Beach with 
shore normal transects spaced every 100 
m (Figure 5).
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Figure 6. Alongshore variations in shoreline positional changes, 1872 to 
2011. The highlighted region (also shown in Figure 7) is assumed to be 
primarily influenced by longer-term shifts in the position of North Inlet, and 
the subsequent shoreline adjustment following abandonment of the former 
ebb-tidal delta.

Horizontal changes in shoreline po-
sition are not perfectly correlated with 
volumetric changes to the active beach 
profile (Jarrett 1991). The net volume of 
sand in the profile, from the dune to some 
elevation offshore, is a more complete 
measure of overall beach health and its 
ability to dissipate wave energy (Kana 
1993). Converting horizontal changes 
(meters) into volumetric changes (cubic 
meters) is made easier when the shore-
face height from the dune crest to the 
local limit of onshore-offshore sediment 
exchange is known (i.e., the Depth of Clo-
sure [DOC]). The horizontal change in 
shoreline position can be converted into 
volumetric changes using the formula:

∂V = H x ∂V

Where ∂V is volumetric change, H is the 
shoreface height, and ∂V is the horizontal 
change in shoreline position. This formu-
lation is commonly used in engineering 
practice to quickly convert between volu-
metric and shoreline position changes 
along sandy beaches, particularly at 
longer time scales like the ones discussed 
in this study (see Farris and List 2007; 
Jarrett 1991).

Observed DOC over a multi-year 
period along Debidue Beach is approxi-
mately 5 m of water depth (NAVD88; 
Barrineau et al. 2021). This depth corre-
sponds to approximately 500 m seaward 
of the dune crest. Dune crest elevations 
vary, but often lie somewhere between 2 
M and 5 m (NAVD88). Assuming a dune 
crest height of 5 m and local DOC of 5m, 
a horizontal change rate of ~1 m over a 
given study period represents a volumet-
ric change of ~10 cubic meters per linear 
meter of shoreline (m3/m) above the local 
DOC. We assume horizontal shoreline 
change rates are of a similar magnitude 
and direction as those changes occurring 
below MLLW.

RESULTS AND DISCUSSION
Horizontal shoreline positions and 

change rates (derived from the raw EPR 
AMBUR output — see Jackson et al. 
2012) for Debidue Beach spanning from 
1872 to 2011 are visualized in Figures 
6 and 7. Full spreadsheets containing 
AMBUR results accompanied by detailed 
maps depicting the transect locations are 
provided in supplemental figures at the 
end of the manuscript. 

There is a visible hinge point in the 
longshore variation in shoreline changes 

along portions of Debidue Beach closer 
to North Inlet and farther from North 
Inlet (highlights, Figures 6 and 7). The 
boundary between these zones of histori-
cal shoreline change is assumed to resolve 
those portions of the beach more affected 
by inlet processes from those less affected 
(Cooper et al. 2007; Ashton et al. 2016). 

For the average rates of change dis-
cussed below, we eliminate the most 
chaotic portions of shoreline position 
changes that are more influenced by 
short timescale coastal processes than 
the longer timescale variations we are 
presenting here.

The northernmost ~2 km of Debidue 
Beach (transects ~80 through 100) are 
less impacted by North Inlet; the aver-
age rate of change between survey events 
from 1872 to 2011 along this portion 
of the beach is +0.6 m/yr. Within the 
envelope of shoreline changes related to 
North Inlet (transects ~25 through 80), 
rates of change average -1.8 m/yr. These 
long-term averages mask year-to-year 
and alongshore variability, but gener-
ally reflect the direction and magnitude 
of longshore sediment transport along 
Debidue Beach and within the adjacent 
inlet systems. 

To the north, Pawleys Inlet features a 
relatively shallow unstable channel that 
continuously bypasses sand from Pawleys 
Island to Debidue Beach. This continuous 

— albeit modest — supply of sand keeps 
the northern portions of Debidue Beach 
relatively well supplied with sediment. To 
the south, North Inlet features a relatively 
deep channel that can restrict bypassing. 
As a result, Debidue Beach loses more 
sand to North Inlet than it gains from 
Pawleys Inlet. This pattern of a positive 
net sand budget along the updrift section 
and a negative net sand budget along the 
downdrift section is a common feature 
in many mixed-energy barriers along the 
South Atlantic Bight and is the mecha-
nism behind the “drumstick” planform 
shape of many of the islands in the region 
(Hayes and Michel 2008).

Changes within the inlet-affected por-
tion of Debidue Beach occurred in three 
phases over the period from 1872 to 1934, 
1934 to 1973, and 1973 to 2011 (Figure 
8). During the first period, the main inlet 
channel migrated approximately 1 mile 
south and triggered similarly large-scale 
shifts in the shoreline along Debidue 
Beach. During the second period, rates 
of change decreased in a non-linear 
manner from >5 m/yr to approximately 
2 m/yr as the system adjusted to the new 
inlet channel position. During the third 
period, rates of change oscillated around 
a relatively stable mean value of approxi-
mately 2 m/yr.

From 1872 to 1926, there was an 
increase in beach volumes along the 
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Figure 7. The shorelines used for analysis in the AMBUR package. Significant 
seaward progradation in the shoreline and relative stability in the position 
of North Inlet are is evident between 1872 and 1926. This period of sand 
accumulation along Debidue Beach was followed by a rapid southerly 
extension (~200 m/yr) from 1926 to 1934. From 1934 to 2011, most of the area 
has been followed by a relatively gradual shoreline adjustment along the 
former ebb-tidal delta from 1934 to 2011.

southern portions of Debidue Beach 
adjacent to North Inlet. An open water-
way, likely a marginal flood channel, is 
visible immediately adjacent to wooded 
portions of Debidue Beach in 1872. By 
1926, a recurved spit had begun growing 
southward from this wooded upland and 
a flood-tidal shoal had formed blocking 
the previous main ebb channel of North 
Inlet (Figure 9). It is possible this shoal is 
a storm deposit, but that is impossible to 
determine with the data currently avail-
able. Debidue Island grew seaward an 
average of 256 m across the envelope of 
shoreline changes primarily influenced 
by North Inlet from 1872 to 1926 (4.74 
m/yr). This is equivalent to a net volume 
increase of approximately 12.8 million m3 
over the same period above local DOC.

This increase in volume represents 
the ”geomorphic capital” of the ebb delta 
deposits at the former North Inlet site, 
or the reservoir of sediment that must 
be eroded before the barrier system will 
reach a more dynamic equilibrium with 
background wave and water level condi-
tions (Hein and Kirwan 2023). Models 
of system-scale barrier evolution sug-
gest relict features and their associated 
geomorphic capital can delay the onset of 
this dynamic equilibrium by centuries or 
more (Mariotti and Hein 2022). Given the 
relatively large volume of the North Inlet 
system compared to other mixed-energy 
inlets along the South Atlantic Bight 
(Gaudiano and Kana 2001) and the con-
siderable buildup of geomorphic capital 
over the period from 1872 to 1926, it is 
possible chronic erosion observed along 
Debidue Beach described above was trig-
gered by the realignment of North Inlet 
and gradual reduction of geomorphic 
capital at its former position.

From 1926 to 1934 (A, Figure 8), spit 
extension displaced the main ebb chan-
nel of North Inlet 1.8 km southward 
(>200 m/yr, Figure 10). Without a fresh 
supply of ebb delta sands attaching to 
the shoreface, MHW moved an average 
of 51 m landward (6.36 m/yr) over this 
period –equivalent to approximately 2.5 
million m3 of erosion. This volume rep-
resents 19.9% of the geomorphic capital 
accumulated between 1872 and 1926. The 
oscillation between accretion (1872 to 
1926) and erosion (1926 to 1934) without 
evidence of spit extension towards the 
south indicates North Inlet was acting 
as a temporary disruption in longshore 
sediment transport. The formation of a 
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Figure 8. Annualized horizontal change rates within the portion of Debidue 
Beach primarily influenced by North Inlet from 1872 to 2011. These change 
rates reflect three phases of shoreline adjustment in the landscape’s 
evolution over the last 150 years. The first phase (A) indicates the buildup of 
sediment upcoast of North Inlet, and the rapid realignment in the main ebb 
channel from 1926 to 1934. The second phase (B) indicates the non-linear 
adjustment of the former ebb-tidal delta salient to a more steady dynamic 
equilibrium in change rates from background wave conditions. The third 
phase (C) indicates shoreline adjustments related to year-to-year changes 
in background conditions, rather than the avulsions related to the inlet 
migration from 1926 to 1934.

Figure 9. Historic charts and digitized MHW positions for 1872 (left; dashed 
black outline) and 1926 (right; solid red outline).

sub-tidal flood shoal some time before 
1926 indicates there was enough long-
shore sediment transport to begin deflect-
ing the main ebb channel of North Inlet, 
but spit extension did not occur until 
between 1926 and 1934. Aerial imagery 
of the site collected in 1939 shows mostly 
subtidal flats with no emergent vegetation 
on the newly created spit. This suggests 
the feature formed relatively rapidly and 
remained sub- or intertidal for several 
years before emerging above MHW.

From 1934 to 1973 (‘B’, Figure 8), the 
rate of erosion along Debidue Beach de-
creased logarithmically from more than 6 
m/yr to around 2 m/yr with a linear aver-
age of -1.7 m/yr over 39 years (Figure 11). 
The southern terminus of Debidue Beach 
bordering the main ebb channel of North 
Inlet moved approximately 300 m over 
the same period. Nonlinearity in the de-
creasing rates of erosion along the study 
area during this period reflects the ini-
tially high rate of erosion following inlet 
relocation, when the shoreline salient at 
the former ebb delta was most prominent, 
adjusting to conform to a more idealized 
arcuate form in line with the larger-scale 
orientation of the shoreline within the 
regional littoral cell (see Figure 2). The 
average net retreat in the shoreline over 
this period was 71 m, the equivalent of 
approximately 3.6 million m3 of sediment. 
These losses combined with the erosion 
between 1926 and 1934 discussed above 
represent 47.6% of the stored geomorphic 
capital from 1872 to 1926. 

From 1973 to 2011, erosion rates 
hovered around 2 m/yr with a linear aver-
age loss of -1.6 m/yr and a total average 
landward retreat of 61 m over 38 years 
(Figure 12). The position of the southern 
tip of Debidue Beach at the main ebb 
channel of North Inlet moved less than 
100 m over the same period. The aver-
age net retreat in the shoreline over this 
period was 61 m, the equivalent of ap-
proximately 3.1 million m3 of sediment. 
These losses combined with the erosion 
between 1926 and 1973 discussed above 
represent 71.6% of the stored geomorphic 
capital from 1872 to 1926.

Collectively, these observations dem-
onstrate that a buildup in volume occur-
ring between 1872 and 1926 added nearly 
13 million m3 of sand to Debidue Island. 
These volume increases advanced the 
MHW line nearly 260 m seaward along 
the envelope of shoreline change between 
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Figure 12. Historic charts and digitized MHW positions for 1973 (left; dashed 
black outline) and 2011 (right; solid red outline).

Figure 10. 
Historic charts 
and digitized 
MHW positions 
for 1926 (left; 
dashed black 
outline) and 1934 
(right; solid red 
outline).

Figure 11. 
Historic charts 
and digitized 
MHW positions 
for 1934 (left; 
dashed black 
outline) and 1973 
(right; red black 
outline).

the hinge point and the 1872 inlet shore-
line at the southern tip of Debidue Island. 
Over this same period, subtidal portions 
of North Inlet remained in approximately 
the same location though significant 
shoaling along the flood side of the inlet 
mouth is evident in the 1926 chart.

Between 1926 and 1934, the inlet 
channel moved 1.8 km southward and 
the relict ebb tidal delta began rapidly 
losing volume. These initial larger-scale 
changes were followed by a ~40-year 
period (1934 to 1973) in which erosion 
rates decreased logarithmically towards a 
more consistent dynamic equilibrium in 
which shoreline retreat averaged ~2 m/
yr. Finally, from 1973 to 2011 shoreline 
retreat generally fell around -2 m/yr with 
little extension occurring at the southern 
tip of the spit. Around a third (28.4%) of 
the accumulated geomorphic capital from 
1872 to 1926 remains; theoretically, this 
would imply a continued if slight reduc-
tion in year-to-year erosion rates is likely. 
However, given the noisiness of storm 
impacts, sea level rise rate changes, and 
other outside influences this prediction 
requires more investigation.

The chronic erosion along Debidue 
Beach observed for much of the 20th cen-
tury was the manifestation of a shoreline 
adjustment to the realignment of North 
Inlet over a relatively short period be-
tween 1926 and 1934. This observation 
underlines the nonlinearity inherent in 
cyclical behavior of mixed-energy inlet 
systems. This nonlinearity has tradition-
ally hampered efforts to model these 
systems accurately and precisely (Len-
stra et al. 2019; Zhu et al. 2019), despite 
conceptual models of these processes 
generally standing the test of time (see 
Hayes 1979; Nummedal and Humphries 
1978; FitzGerald 1982). Novel methods 
using mathematical modeling of channel 
rotation and shoal bypassing have pro-
vided promising initial results (Pearson 
et al. 2022), but accurate predictions of 
mixed-energy inlet behavior generally 
remain elusive.

CONCLUSIONS
The findings here demonstrate that 

even relatively large mixed-energy inlets 
exhibiting longer-term positional stability 
experience changes related to shoal by-
pass cycles, which in turn affect long-term 
erosion and accretion rates along adjacent 
shorelines. This conclusion suggests more 
mixed-energy inlets should be examined 
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to identify the long-term envelope of 
shoreline change along adjacent beaches. 

With increasing rates of sea level rise 
(Dangendorf et al. 2024), tidal prism and 
in-channel hydraulics in these systems 
will change. These changes will impact 
the rates of bypassing in mixed-energy 
systems, which will trigger changes 
in shoreline position along adjacent 
beaches. Identifying the appropriate scale 
relationships between these larger-scale, 
longer-term shifts in mixed-energy inlets 
would be a useful metric for shoreline 
managers along the South Atlantic Bight 
and other mixed-energy barrier systems.

The results presented herein raise ad-
ditional/future research questions. First, 
how long was Debidue Beach accruing 
geomorphic capital from a relatively 
stable North Inlet prior to the 1872 survey 
event, and did other spit barrier systems 
in the region exhibit similar behavior? Is 
there evidence in geomorphometry or 
sub-surface stratigraphy in systems like 
Debidue Beach and North Inlet that can 
be used to assess even older cycles of shoal 
bypassing? Finally, how do these hori-
zontal changes in shoreline position, and 
their estimated volumetric equivalents, 
relate to measured volumetric changes in 
beach profiles measured to local DOC? 
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Supplemental tables and figures

Table S-1. 
AMBUR End Point Rate (EPR) results in meters per year (m/yr) for the southernmost transects. Blank cells indicate 
transects without two shoreline positions, indicating newly built (or eroded) land.
	 1872 	 1926	 1934	 1942	 1957	 1963	 1973	 1984	 2000	 2006
Transect	 to 1926	 to 1934	 to 1942	 to 1957	 to 1963	 to 1973	 to 1984	 to 2000	 to 2006	 to 2011
11										        
12					     -13.63	 -4.71			   -28.64	 16.53
13					     -10.45	 2.76	 0.29	 20.66	 -53.60	 -5.33
14			   -2.77	 -2.02	 -1.24	 0.37	 38.47	 2.02	 9.91	 -18.99
15			   16.88	 -39.67	 -1.48	 3.18	 43.83	 1.37	 7.09	 -13.20
16			   14.42	 5.71	 -111.01	 57.94	 -8.31	 -0.24	 6.42	 -9.76
17			   9.09	 6.52	 -4.36	 -8.86	 -6.83	 -0.25	 4.53	 -9.38
18			   3.95	 6.13	 -7.79	 -6.99	 -4.84	 -1.25	 3.01	 -8.25
19			   2.48	 4.46	 -7.12	 -4.82	 -4.15	 -0.60	 -3.64	 -7.43
20			   2.04	 3.65	 -4.07	 -4.89	 -4.76	 -0.72	 -1.31	 -7.49
21			   1.90	 2.58	 -2.39	 -3.76	 -4.89	 -0.88	 0.78	 -8.85
22			   -2.19	 2.16	 -0.54	 -3.52	 -6.26	 0.13	 -0.18	 -5.56
23			   -4.35	 1.20	 0.95	 -4.02	 -6.68	 0.13	 0.59	 -5.68
24			   -5.20	 0.23	 0.20	 -3.67	 -6.06	 -0.17	 -0.66	 -5.19
25			   -5.51	 -0.47	 -1.43	 -2.99	 -5.45	 -0.58	 -0.04	 -5.57
26			   -5.32	 -1.25	 -0.70	 -2.29	 -5.22	 -0.97	 -0.16	 -5.85
27			   -5.89	 -1.39	 -0.89	 -1.30	 -5.51	 -1.52	 0.14	 -7.05
28			   -7.09	 -2.00	 -0.34	 -0.61	 -6.14	 -1.79	 -0.37	 -6.53
29			   -7.07	 -2.28	 0.34	 -1.06	 -5.79	 -1.66	 -0.42	 -7.57
30			   -5.71	 -2.87	 -0.43	 -0.89	 -5.60	 -1.38	 -1.06	 -7.46
31			   -6.11	 -3.08	 -0.92	 -0.43	 -5.64	 -1.91	 -0.53	 -7.81
32		  -10.55	 -6.79	 -3.13	 -0.62	 -0.08	 -6.03	 -2.24	 -1.38	 -6.89
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Figure S-1. Locations of the transects shown in Table S-1 (with historic shoreline positions included).



Shore & Beach    Vol. 92, No. 3    Summer 2024Page 14

Table S-2. 
AMBUR End Point Rate (EPR) results in meters per year (m/yr) for the central transects within the envelope of 
shoreline change primarily influenced by the relocation of North Inlet. Blank cells indicate transects without two 
shoreline positions, indicating newly built (or eroded) land.
	 1872 	 1926	 1934	 1942	 1957	 1963	 1973	 1984	 2000	 2006
Transect	 to 1926	 to 1934	 to 1942	 to 1957	 to 1963	 to 1973	 to 1984	 to 2000	 to 2006	 to 2011
33	 16.15	 -14.73	 -6.81	 -3.60	 -0.46	 -1.71	 -4.62	 -2.63	 -1.93	 -6.00
34	 14.36	 -14.84	 -6.84	 -4.33	 -0.18	 -3.10	 -3.58	 -2.64	 -1.46	 -7.58
35	 12.49	 -15.07	 -6.34	 -5.17	 -0.35	 -3.29	 -2.92	 -2.97	 -0.35	 -9.08
36	 10.11	 -14.09	 -4.90	 -5.77	 -1.65	 -2.50	 -3.97	 -3.05	 -0.40	 -8.18
37	 8.56	 -16.13	 -5.45	 -5.24	 -2.16	 -2.93	 -4.74	 -2.52	 -1.40	 -7.62
38	 7.62	 -20.76	 -2.32	 -5.08	 -1.81	 -3.88	 -4.56	 -2.11	 -1.41	 -7.55
39	 6.99	 -22.29	 -1.23	 -5.38	 -1.31	 -3.74	 -4.48	 -2.07	 -2.08	 -7.95
40	 6.53	 -21.60	 -2.36	 -5.75	 -0.83	 -2.71	 -4.95	 -2.32	 -2.39	 -6.66
41	 6.02	 -20.51	 -3.47	 -6.16	 -0.39	 -2.35	 -5.43	 -1.69	 -2.44	 -6.62
42	 5.51	 -19.12	 -5.53	 -5.65	 0.44	 -2.67	 -5.03	 -2.16	 -1.52	 -6.72
43	 4.90	 -18.08	 -4.77	 -5.82	 1.09	 -3.16	 -5.44	 -2.71	 -0.34	 -5.90
44	 4.64	 -17.21	 -4.15	 -5.53	 0.01	 -3.00	 -5.00	 -3.57	 0.51	 -4.72
45	 4.55	 -15.30	 -5.82	 -4.91	 -1.85	 -1.96	 -4.95	 -3.45	 0.20	 -5.19
46	 4.96	 -15.94	 -6.29	 -5.30	 -2.48	 -0.60	 -5.92	 -3.10	 -3.06	 -1.78
47	 5.23	 -14.68	 -6.57	 -5.83	 -2.07	 -0.39	 -6.06	 -3.69	 -2.09	 -1.48
48	 5.30	 -12.82	 -7.92	 -5.89	 -1.45	 -0.82	 -6.00	 -3.33	 -1.55	 -3.35
49	 5.37	 -12.69	 -7.16	 -6.09	 -3.27	 0.36	 -6.31	 -2.89	 -1.72	 -2.71
50	 5.35	 -12.25	 -7.17	 -5.80	 -4.65	 1.26	 -5.65	 -2.75	 -0.29	 -4.91
51	 5.34	 -10.90	 -6.80	 -5.76	 -4.66	 1.46	 -4.87	 -2.62	 -2.88	 -1.97
52	 5.44	 -9.10	 -7.47	 -5.00	 -5.01	 1.20	 -4.37	 -2.58	 -3.16	 -1.26
53	 5.63	 -7.62	 -7.01	 -4.64	 -4.27	 0.00	 -4.49	 -1.79	 -3.18	 -1.39
54	 5.86	 -5.61	 -6.38	 -4.53	 -6.39	 0.58	 -3.96	 -1.45	 -4.20	 0.31
55	 6.14	 -4.38	 -6.13	 -3.85	 -6.77	 0.41	 -3.37	 -0.79	 2.37	 -3.56
56	 6.30	 -3.14	 -5.74	 -3.75	 -5.91	 0.11	 -3.14	 -0.76	 2.58	 -3.86
57	 6.16	 -3.66	 -3.38	 -3.44	 -4.91	 -0.20	 -2.79	 -0.58	 2.76	 -3.92
58	 6.01	 -3.59	 -1.99	 -2.66	 -4.77	 -0.51	 -2.63	 -0.15	 2.72	 -3.76
59	 5.78	 -2.76	 -2.03	 -1.63	 -4.90	 -0.64	 -1.69	 -0.46	 -0.28	 0.36
60	 5.33	 -1.73	 -1.13	 -1.40	 -3.82	 -0.55	 -1.87	 -0.47	 -0.57	 1.05
61	 5.00	 -1.60	 0.32	 -1.58	 -2.58	 -0.68	 -2.27	 0.58	 -2.45	 2.23
62	 4.76	 -1.31	 0.90	 -1.01	 -1.82	 -1.14	 -1.06	 0.57	 -3.91	 3.26
63	 4.41	 -0.63	 1.17	 -0.38	 -1.46	 -0.26	 -1.95	 0.93	 -4.59	 3.74
64	 4.26	 -1.22	 1.08	 0.61	 -1.10	 0.44	 -1.83	 0.78	 -4.87	 3.10
65	 3.92	 -0.89	 1.16	 1.17	 -0.52	 -0.16	 -1.10	 1.00	 -5.71	 3.24
66	 3.60	 -0.15	 1.56	 0.96	 -0.10	 -0.57	 -1.11	 1.30	 -5.73	 3.36
67	 3.23	 0.76	 1.61	 0.70	 0.02	 -0.11	 -1.26	 1.37	 -5.63	 3.46
68	 2.89	 1.34	 1.06	 0.67	 0.31	 0.22	 -1.23	 1.30	 -5.48	 4.10
69	 2.41	 2.19	 1.56	 0.29	 0.41	 0.40	 -1.21	 1.31	 -5.61	 4.85
70	 2.07	 3.26	 1.51	 0.08	 0.42	 0.50	 -0.48	 0.64	 -4.73	 4.05
71	 1.76	 4.14	 1.74	 0.09	 -0.22	 0.68	 -0.26	 0.42	 -4.30	 3.66
72	 1.54	 3.88	 1.46	 0.43	 -0.93	 0.82	 0.25	 0.20	 -4.34	 4.06
73	 1.34	 3.45	 1.44	 0.66	 -1.73	 0.96	 0.81	 -0.13	 -3.74	 4.22
74	 1.14	 3.02	 1.42	 0.86	 -1.78	 0.90	 1.15	 -0.38	 -3.48	 4.04
75	 0.94	 2.58	 1.39	 0.94	 0.03	 0.18	 1.26	 -0.52	 -3.48	 4.26
76	 0.75	 2.15	 1.37	 1.20	 1.37	 -0.46	 1.31	 -0.66	 -2.55	 3.72
77	 0.55	 1.72	 1.35	 1.62	 2.11	 -0.93	 1.31	 -0.65	 -2.41	 3.84
78	 0.36	 1.34	 1.46	 1.90	 2.28	 -1.06	 1.34	 -0.58	 -2.79	 4.28
79	 0.13	 1.81	 1.02	 1.99	 2.52	 -1.44	 1.60	 -0.41	 -2.33	 3.79
80	 -0.04	 1.83	 0.85	 1.80	 2.79	 -1.90	 1.81	 -0.04	 -2.87	 4.40
81	 -0.16	 2.59	 1.50	 0.90	 3.38	 -2.54	 2.59	 -0.02	 -3.65	 5.09
82	 -0.29	 2.43	 0.88	 0.98	 4.04	 -3.16	 3.06	 -0.06	 -3.89	 4.31
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Figure S-2. Locations of the transects shown in Table S-2 (with historic shoreline positions included).
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Table S-3. 
AMBUR End Point Rate (EPR) results in meters per year (m/yr) for the northernmost transects. Blank cells indicate 
transects without two shoreline positions, indicating newly built (or eroded) land.
	 1872 	 1926	 1934	 1942	 1957	 1963	 1973	 1984	 2000	 2006
Transect	 to 1926	 to 1934	 to 1942	 to 1957	 to 1963	 to 1973	 to 1984	 to 2000	 to 2006	 to 2011
83	 -0.35	 2.09	 0.75	 0.89	 4.67	 -3.03	 3.12	 -0.46	 -2.82	 3.34
84	 -0.40	 1.45	 1.50	 0.46	 5.31	 -2.91	 3.27	 -0.69	 -3.14	 4.01
85	 -0.42	 1.82	 1.26	 -0.06	 5.81	 -2.74	 2.91	 -0.82	 -2.22	 2.64
86	 -0.53	 1.79	 1.21	 0.07	 5.64	 -2.53	 2.86	 -1.31	 -1.47	 2.51
87	 -0.47	 1.76	 1.54	 -0.22	 5.60	 -2.39	 2.22	 -1.04	 -1.83	 2.84
88	 -0.72	 2.05	 1.62	 -0.19	 5.55	 -2.25	 2.19	 -1.10	 -1.69	 2.59
89	 -0.73	 1.33	 0.97	 0.35	 5.36	 -2.11	 2.16	 -1.04	 -1.15	 1.62
90	 -0.82	 0.61	 1.58	 0.75	 4.75	 -1.69	 2.20	 -1.23	 -1.66	 1.76
91	 -0.92	 0.36	 1.69	 1.13	 4.24	 -1.23	 1.77	 -1.19	 0.38	 -0.40
92	 -0.83	 -1.31	 0.85	 2.30	 3.73	 -0.77	 1.56	 -1.09	 -0.09	 -0.60
93	 -0.93	 -0.86	 1.18	 1.93	 3.22	 0.05	 1.34	 -1.22	 0.09	 -1.48
94	 -1.00	 -0.13	 1.71	 1.35	 1.77	 1.44	 0.72	 -0.85	 -0.86	 -1.33
95	 -1.20	 -0.02	 1.50	 2.01	 -0.22	 3.01	 0.41	 -0.88	 -0.47	 -1.79
96	 -1.29	 -1.71	 1.26	 3.19	 1.63	 2.28	 0.22	 -0.61	 -0.89	 -1.33
97	 -1.33	 -1.13	 1.59	 3.17	 3.36	 1.62	 -0.16	 0.20	 -1.42	 -1.03
98	 -1.25	 -1.69	 1.56	 4.09	 4.49	 0.54	 -1.07	 1.41	 -2.79	 1.44
99	 -1.38	 -1.57	 1.29	 5.50	 8.82	 -3.43	 -0.78	 1.86	 -4.39	 3.69
100	 -1.38	 -1.47	 1.52	 6.47	 11.47	 -6.40	 -0.81	 2.77	 -5.23	 -3.13
101	 -1.53	 -1.08	 3.25	 6.58	 -9.23	 4.90	 -0.50	 2.33	 -3.92	 -26.81
102	 -1.59	 -0.95	 3.92	 6.99	 -20.98	 11.33	 0.27	 0.44	 -6.85	 -36.35
103	 -1.66	 -0.57	 4.99	 7.62	 -34.98	 18.15	 0.65	 -4.12	 -9.90	 -22.66
104	 -1.79	 0.60	 6.54	 -5.13	 -11.09	 21.61	 2.25	 -10.09		
105	 -1.72	 1.32	 7.68	 -7.31	 -6.32	 21.92	 1.64	 -13.42		
106	 -1.61	 2.01	 8.13	 -6.89	 -8.53	 22.20	 -8.13	 -10.11		
107	 -1.43	 2.01	 7.44	 -7.92	 -5.98	 20.43	 -17.27	 -2.68		
108	 -1.27	 5.10	 3.27	 -7.67	 -6.20	 12.54	 -14.20			 
109	 -1.06	 6.08	 -8.40	 -4.12	 -5.66	 0.86	 -2.28			 
110	 -0.73	 5.92	 -16.52				    1.61			 
111	 -0.54	 3.32	 -16.96				    3.11			 
112	 -0.67	 -4.18	 -9.02							     
113	 -1.02	 -11.36	 0.42							     
114	 -1.34	 -9.88								      
115	 -1.94	 -5.42								      
116	 -2.48	 -3.54								      
117	 -3.00	 -3.65								      
118	 -3.18	 -2.81								      
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Figure S-3. Locations of the transects shown in Table S-3 (with historic shoreline positions included).
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Dr. Julie Rosati is the U.S. Army 
Corps of Engineers Engineer 
(USACE) Research & Develop-

ment Center’s lead Technical Director 
(TD) for Civil Works Research & Devel-
opment (R&D), and TD for Flood and 
Coastal Risk Management R&D. Here, 
she oversees multi-disciplinary USACE 
research into flood and coastal risk man-
agement, navigation, and environmental 
restoration, as well as multiple federal 
agency and international partnerships. 
Through this, ERDC conducts funda-
mental and applied studies in collabora-
tion with academic, agency, and nongov-
ernmental partners to infuse innovation 
into the USACE’s business processes, 
advance the state of knowledge, and im-
prove technologies, methods, and tools. 

Rosati’s background is in coastal 
research, with focus on regional sedi-
ment management and regional sedi-
ment budgets, coastal inlet and adjacent 
beach evolution, barrier island migration, 
and quantifying coastal resilience. She 
serves as the Designated Federal Officer 
for the Board on Coastal Engineering 
Research, a federal advisory committee 
that provides R&D recommendations to 
the Chief of Engineers and the Assistant 
Secretary of the Army. She has bachelor’s 
and master’s degrees in civil engineering, 
and a Ph.D. in oceanography.

In the nomination which earned Ro-
sati the 2023 Murrough P. O’Brien Award 
last October was perhaps the best sum-
mary of Rosati’s many accomplishments 
in coastal engineering and management:

Dr. Rosati has given more than 40 
years of service to the USACE and our 
coastal communities. In that time, her 
contributions she’s made to the cause of 
beach management and preservation 
are immeasurable.… Her technical 
capabilities and contributions to coastal 
science and engineering alone make her 
more than deserving of this award, but 
to achieve all of these things through 
leadership with kindness and compas-
sion that earns her respect from large 
groups of varying backgrounds, ranging 
from three-star generals to budding 
master’s students. All of this and more 
makes her an exemplary nominee for 
our lifetime achievement award and an 

O’BRIEN AWARD WINNERS:

An interview with Julie Rosati

Julie Rosati
irreplaceable pillar within and outside 
of the USACE.

n  What is your background in 
coastal engineering? 

I began my career with a bachelor’s in 
civil engineering and worked as a co-op 
student (work-study intern) for the U.S. 
Army Corps of Engineers’ Coastal Engi-
neering Research Center (now called the 
U.S. Army Engineer Research and De-
velopment Center, Coastal & Hydraulics 
Laboratory [ERDC CHL]) to help pay for 
tuition and provide more background in 
applied engineering. I liked the work so 
much that I continued working for the 
USACE ERDC CHL, which supported 
me in obtaining advanced degrees in 
water resources and oceanography with 
applications towards coastal engineering. 

n Can you mention a favorite at-
traction for you about the coastal area? 

I love energetic, dynamic inlets and 
beaches with bluffs and a range of sedi-
ment sizes and types. It is awe-inspiring 
and humbling to experience the energy 
and power of these ever-changing coastal 
regions.

n During your career, what are some 
changes you have noted in the areas of 
coastal management, coastal engineer-
ing, and coastal science? 

The biggest change I’ve seen is the 
still-growing interdisciplinary nature of 
coastal research, science, and engineer-

ing applications. A coastal problem may 
have a straight-forward engineering solu-
tion, but that solution may not be viable 
because of broader environmental or 
societal or other concerns. 

n Where do you see the next chal-
lenges for our coasts? 

Our nation’s coasts have many that 
hold these areas as vital, precious, and 
functional. Conflicting interests have 
become more and more commonplace 
as beaches serve many purposes – rec-
reation, a buffer to storms, providing 
ecological habitat, an economic driver for 
local and regional communities, aesthet-
ics, food security, and many other uses. 
I see ongoing and future challenges con-
tinuing to be able to manage this diverse 
set of uses under a nonstationary climate. 

n  If you were to advise a young 
person thinking of studying coastal 
engineering or science, what would you 
say to them? 

Develop a broad base of knowledge to 
be more fluent in working on interdisci-
plinary teams to address these complex 
coastal problems. Take every opportu-
nity to listen, learn, see, experience, and 
understand the underlying issues facing 
coastal communities.

n When did you decide to go into the 
coastal engineering field? 

I had a great teacher — my father, 
Robert Dean — who piqued my curiosity 
about the coast and inspired me to pursue 
a career in coastal engineering. During a 
holiday break from my undergraduate 
studies, I joined him and a team of stu-
dents to measure beach profiles in Santa 
Barbara, California (Figure 1). We awoke 
at 4 a.m. each morning and finished 
around 6 p.m. each evening, to get as 
much of the beach surveyed as we could 
and take advantage of short daylight 
hours. Getting first-hand experience of 
the dynamic nature of coastal processes 
and beach change and learning more 
about the how the Santa Barbara Harbor 
structures impounded sediment opened 
my eyes to the complexity and dynamic 
nature of coastal systems. 

n Who were the people before you 
who most influenced your work in 
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Figure 1. Santa Barbara Harbor, California (courtesy U.S. Army Corps of 
Engineers South Pacific Division, Los Angeles District).

Figure 2. The U.S. Coastal Research Program is a multi-agency, academic, 
and nongovernmental organization team supports research that impacts 
coastal communities. This photo shows a few of the U.S. Coastal Research 
Program leaders at the Department of Interior in 2019: (left to right) Mary 
Cialone, USACE-ERDC-CHL; Dr. Nicole Elko, ASBPA; Dr. Hilary Stockdon, 
USGS; Dr. Britt Raubenheimer, WHOI; Leighann Brandt, BOEM; and Dr. Julie 
Rosati, USACE-ERDC-CHL.

coastal engineering or were the inspira-
tion for your career? 

My earliest inspiration was my dad 
who said work was his hobby! He often 
woke early on the weekends and was 
sitting at the kitchen table deriving an 
equation or writing a paper when I came 
down for breakfast. My dad’s mentor — 
Morrough P. O’Brien — also inspired me, 
as well as Paul Komar, Rich Weggel, Tony 
Dalrymple, and James Houston.

n In thinking about your career in 
coastal engineering, what are the things 
you’ve done that you are most proud of? 

In my career, I have been so fortunate 
to experience many facets of coastal en-
gineering — field work, lab work, writing 
numerical models, applying models, ana-
lytical work and transitioning knowledge 
into practice. I am most proud of my 
work with colleagues that are passionate 
about public service to make a difference 
in our nation. In these interdisciplinary, 
inter-organizational teams, we developed, 
improved and applied coastal engineering 
models and tools that made a difference 
in addressing national coastal problems. 
Examples include working with the U.S. 
Coastal Research Program and our inter-
disciplinary, multi-agency, academic, and 
nongovernmental organizational team 
to support academic research and solve 
problems of societal relevance (Figure 2). 

n What do you think is the biggest 
threat to the coastal system? 

As a society we have disrupted our 
coastal systems to such a degree that we 
are having many unintended consequenc-
es. Climate change already is exacerbating 
impacts with more frequent and intense 
storms, and these compounding impacts 
will only increase in the future. 

n What’s your favorite beach and 
favorite type of beach material? 

I enjoy scavenging beaches for rocks, 
shells, and beach glass. I have a trove of 
seashells, rocks, agate, jade, and sand 
from around the world! There are three 
favorite beaches: Reynisfjara, Iceland, a 
black sand beach and columnar basalt 
cliffs; Ocean City Inlet, Maryland, with 
a rich morphologic history; and Scott 
Creek Beach, Davenport, California, with 
dynamic changes backed by bluffs. 

n Where do you like to go for vaca-
tion? 

I like both mountains and beaches.

n Since this is for Shore & Beach, 
what article do you find yourself using 
and referencing over and over again? 

I greatly appreciate James Houston’s 
Shore & Beach articles with clear analy-
ses documenting the economic value of 
beaches, which he regularly updates. I 
utilize these articles as well as one of the 
older articles on inlets, “The Stability of 
Tidal Inlets” (Escoffier, 1940). Finally, I 
enjoy reading the earliest articles in Shore 
& Beach to better understand the value and 
impact of coastal engineering and how the 
field has grown — with many commonali-
ties staying the same — since the 1930s.

n Do you have any final words of 
advice to young students about why 
they should consider a career in coastal 
engineering or coastal management? 

Beaches are our first line of infrastruc-
ture and economic driver to our nation. 
Any student looking for a challenging 
career that will really make a difference 
can find it in coastal science and engi-
neering fields. Solving coastal problems 
is multi-disciplinary, so a student could 
go into many fields — ecology, computer 
science, civil engineering, mathematics, 
and others — eventually transitioning to 
a career in coastal, and get paid to work 
on the beach!
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1) Herein, we generally refer to these as MPAs, 
but recognize that protecting surf breaks from all 
threats (e.g., Sadrpour and Reineman 2023) requires 
consideration and inclusion of terrestrial spaces and 
marine spaces.

2) See: www.savethewaves.org/wsr/ and www.sa-
vethewaves.org/span/ (last accessed 15 December 
2023).

3) For example, an explicitly marine protected area 
surrounding a surf break may not provide sufficient 
protection to riverine inputs of watershed-derived 
sediment or access to the shoreline from the near-
est road. 

Ocean ecosystems and ecosystem 
services are imperiled worldwide, 
leading to efforts to conserve 

biodiversity that increasingly culminate in 
the designation of Marine Protected Areas 
(MPAs) in furtherance of global targets 
(Boonzaier and Pauly 2016; Davidson 
and Dulvy 2017). Biodiversity, and the 
healthy, coherent ecosystems it supports, 
contribute meaningfully to a variety of 
ecosystem services (Millenium Ecosystem 
Assessment 2005). However, in conserva-
tion efforts, there is less focus on cultural 
ecosystem services (see Milcu et al. 2013 
for review). Surfing resources are a cultural 
ecosystem service deriving their existence 
from physical interactions of ocean surface 
waves with seafloors and coastlines, and 
deriving their quality, accessibility, and 
value from a suite of intrinsic and ex-
trinsic factors, including oceanographic, 
geographic, ecological, social, and cultural 
elements (Reineman 2015). Destruction 
or denudation of specific surfing resource 
sites (i.e., “surf breaks”) combined with in-
creasing recognition of global and discrete 
threats to surfing resources have resulted 
in a corresponding increase in efforts to 
establish protections for them (Corne 
2009; Blum and Orbach 2021; Sadrpour 
and Reineman 2023; Orchard et al. 2023). 
Using California as a case study, this article 

ABSTRACT
Surf breaks are vital cultural resources on coastlines worldwide, but are vulnerable to 
myriad threats, including climate change and coastal development; as such, efforts to 
protect them have proliferated. Hitherto, spatial protections (e.g., marine protected 
areas; MPAs) have been pursued for surf breaks as single, individual reserves. This 
situation is comparable to the early days of biodiversity MPAs, which eventually 
progressed to networked reserve design, initially culminating in California’s 124 net-
worked MPAs. Here, we apply the analogy of networked biodiversity reserve design 
to networked reserves for surf break protection. We examine the proposition that 
the effectiveness of surfing resource conservation can be improved by a “networked” 
approach. We conclude that specific characteristics of surf breaks, including their 
size, type, carrying capacity, quality, value, accessibility, spacing, vulnerability, and 
cultural and historic significance could all be considered and balanced to yield more 
effective, equitable conservation outcomes.

considers the possibility of establishing 
networked protected areas1 for surf break 
conservation.

Legal protections for surf breaks 
have been achieved in several countries 
(Orchard et al. 2023). New Zealand’s 
national-level coastal policy recognizes 
“surf breaks of national significance” and 
establishes process considerations to en-
sure their protection (Atkin et al. 2019); 
Peru likewise created a national law 
establishing protections for surf breaks 
(Scheske et al. 2019); in California, the 
famed surf break at Malibu was protected 
by listing in the National Register of 
Historic Places (Blum and Orbach 2021). 
Meanwhile, non-governmental organiza-
tions are also designating spatial areas 
with potential for protection: Save The 
Waves Coalition designates “World Surf-
ing Reserves” at significant surf breaks 
around the world. These reserves, while 
not contemporaneously accompanied by 
any formal governmental protections in 
their home countries, can justify enacting 
formal, legal protection; efforts to expand 
individual reserves into “networks” are 

also under way.2 While these efforts cover 
a wide scope of strategies, spatially-des-
ignated protections (e.g., MPAs or other 
protected areas) are increasingly a focus 
of surf break conservation. This focus 
aligns with parallel efforts to recognize 
surf breaks as comprising physical, bio-
logical, and social-cultural elements that 
extend beyond the exact area wherein 
“wave riding” occurs (Arroyo et al. in 
prep; Manero 2023) as well as efforts in-
vestigating potential “two-fors” between 
surfing resource and biodiversity con-
servation (i.e., co-benefits; Bukoski et al. 
forthcoming; Reineman et al. 2021). The 
former effort nuances this discussion as 
extending beyond “marine” protected ar-
eas to also include protection of terrestrial 
systems and processes.3

In California and elsewhere, surf 
breaks and their surrounding ecosys-
tems are increasingly threatened by a 
compounding set of threats, ranging 
from global climate change and sea level 
rise (Hemer et al. 2013; Reineman et al. 
2017; Sadrpour and Reineman 2023), to 
regional disruption of coastal sediment 
supplies (Griggs and Patsch 2018), to 
outright destruction or other impacts 
from coastal management (Reineman 
2016; Reiblich and Reineman 2019), to a 
variety of related issues, including water 
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4) See also California Assembly Bill 2177 (2022) to 
designate state surfing reserves.

5) Marine Life Protection Act of 1999, Calif. Fish & 
Game Code §§2000-2954.

6) A marine reserve network was first established 
around the California Channel Islands; lessons from 
this process were incorporated into the process 
design and implementation of the network that now 
spans the entire coast (Botsford et al. 2014); here we 
focus on the second, statewide effort.

7) Marine Managed Areas Improvement Act of 
2001, Calif. Pub. Res. Code §§36600-36900.

quality degradation (see, e.g., Given et 
al. 2006) and coastal access disruption 
(Reineman and Ardoin 2017; Patsch and 
Reineman 2024). Yet, the values of surf 
breaks in California, where surfing is the 
official state sport (Calif. Gov. Code Ch. 2, 
§424.7), and the social, cultural, and eco-
nomic values that surf breaks support, are 
quite significant, leading to recent efforts 
in the state to establish formal protections 
for them (Blum and Orbach 2021).4

The current trend for surfing resource 
reserves is analogous to that of the past 
century when MPAs for biodiversity 
conservation were implemented as un-
coordinated, ad hoc, “one-offs” — a scat-
tershot approach that was revised with 
California’s sequential efforts to establish 
networked MPAs, first around the Chan-
nel Islands, and then along its whole coast 
(Palumbi and Sotka 2010; Botsford et al. 
2014). These efforts, prompted by the 
passage of the Marine Life Protection Act 
(MLPA; 1999),5 culminated in an inter-
connected network of MPAs, whose size, 
spacing, habitat types, and other attributes 
were designed in a science-supported, 
stakeholder-informed, intentional plan-
ning process (Gleason et al. 2010, 2013; 
Saarman et al. 2013; Kirlin et al. 2013; 
Yaffee 2020). Critical biodiversity factors, 
including species’ ranges, habitat require-
ments, and dispersal strategies, as well as 
such economic considerations as fishing 
area location and accessibility, were all 
combined to create a statewide California 
MPA system whose efficacy is founded, in 
part, on the connectivity of any one of its 
individual MPAs with the surrounding 
MPAs up or down the coast (Scholz et al. 
2011; Saarman et al. 2013).

In this article, we consider whether 
such a networked approach is appropriate 
for conservation of a cultural and recre-
ational resource — surf breaks — and if 
so, what factors, analogous to those used 
to establish networked MPAs for biodi-
versity conservation, could be considered. 
Phrased another way, we seek to examine 
the proposition that the effectiveness 
of surfing resource conservation can be 
improved by a “networked,” approach 
instead of an entirely individualized, ad 
hoc approach. As a case study, we focus on 
the State of California (USA) and develop 
arguments based on a variety of disciplin-

ary themes and perspectives and drawing 
on equally diverse sets of published and 
unpublished data. We begin with a brief 
review of the MLPA process in California 
that resulted in the first true network 
of MPAs. Then we expand on several 
ecological precepts from this process to 
consider which analogous traits for surf-
ing resources would lend themselves to a 
network-based approach to protected area 
planning. We conclude with recommen-
dations for networked surfing resource 
protection based on the existing — and 
potential future — policy landscapes.

NETWORKED MARINE 
PROTECTED AREAS

Between 2002 and 2013, California 
undertook spatial planning to protect 
marine biological resources along its 
roughly 1,000 km coastline.6 More than 
10 years of academic and agency plan-
ning preceded the initiative, which was 
authorized by two state laws. First, the 
MLPA established a process for revis-
ing and expanding a network of marine 
protected areas — dividing the coast into 
smaller study regions, establishing scien-
tific review teams, and highlighting other 
important considerations. The project 
was so tightly associated with the MLPA 
that the entire initiative is commonly 
referred to as “MLPA implementation,” 
or “the MLPA process.” Second, the Ma-
rine Managed Areas Improvement Act 
(MMAIA)7 simplified California’s system 
of Marine Managed Areas (MMAs) to 
seven classifications. MPAs established 
under the MLPA are a subset of MMAs 
with various use restrictions, but sharing 
a primary conservation focus of natural 
resource protection. For each MMA clas-
sification, the MMAIA establishes a clear 
definition, conservation objectives, and 
indicates which entities can designate and 
manage that classification. The MMAIA 
also defines an administrative process for 
accepting, reviewing, and acting upon 
MMA nominations.

The MLPA process has formally pro-
tected 16% of the state’s coastal waters in 
marine protected areas (Gleason et al. 
2013). For this successfully implemented 
network, and for MPAs implemented 

elsewhere, two key biological consider-
ations drive protected area design: MPA 
size (i.e., spatial area) and MPA spacing 
(i.e., distance between MPAs). These 
have, respectively, a direct and an inverse 
relationship with the potential diversity 
they can support, such that larger pre-
serves with smaller distances between 
them are more effective for conserving 
biodiversity than smaller preserves 
spaced farther apart (Moffitt et al. 2011).

In the case of the California MLPA’s 
MPA design process, the impetus to in-
crease MPA size and decrease MPA spacing 
in order to conserve biological resources 
was met with resistance from, primar-
ily, biological resource user stakeholder 
groups — fishermen and coastal Native 
American governments and non-recog-
nized tribes (Murray and Hee 2019; Yaffee 
2020). Fishermen, in working to protect 
their fishing grounds from being closed 
to take by MPAs, generally advocated for 
smaller MPAs spaced farther apart (Kirlin 
et al. 2013). The two biological consider-
ations of size and spacing are themselves 
predicated on ecological concepts based on 
ecosystem carrying capacity (larger MPAs 
contain more and more varied habitat and 
can support more and larger species) and 
habitat connectivity (species move around 
and disperse: if such dispersal can arrive in 
adjacent protected areas, survival increas-
es; see Moffitt et al. 2011 for discussion). 
Socioeconomic factors pertaining to com-
mercial and recreational fishing were also 
considered, including various benefits and 
economic yields of specific fishing areas. 
Of significant note, historic and cultural 
significance were not factors in the identifi-
cation of such areas — indeed, the absence 
of consideration of these values in the 
MLPA, especially in regard to California’s 
tribal communities, has been recognized as 
a “significant policy and social justice over-
sight” (Murray and Hee 2019 at p. 9). As 
a result, there was poor tribal engagement 
and resulting pushback in early phases of 
implementation; these spurred managers 
to develop new outreach strategies in latter 
phases (Sayce et al. 2013).

From these MLPA MPA factors, we 
distill several broad considerations that 
should be explored and balanced in 
networked biodiversity reserve design: 
size, carrying capacity, spacing, diversity, 
quality, value, and accessibility. In the fol-
lowing section, we evaluate each of these 
considerations in the context of surfing 
resources and discuss how they might be 
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8) A standalone version of the Sutherland and 
Colas Stormrider Surf Guide’s surf break database 
was downloaded through a private arrangement 
on 20 December 2023 and used for the related 
analyses here. This dataset is more extensive than 
the published physical guide but is not publicly 
available at this time.

Figure 1. Surf break frequency in California. (a) Surf breaks identified along 
California’s coast (small dots) with coastal counties shaded according to 
the population normalized per the number of surf breaks in that county (i.e., 
county population/surf breaks in county); numbers for each county are 
counts of surf breaks in that county; frequency histograms of California surf 
breaks according to their (b) quality, (c) seafloor composition, (d) typical 
length of ride, (e) ideal direction of origination of swell, and (f) minimum 
ability necessary for surfers to surf there. All data are derived from the 
Stormrider Surf Guide’s public dataset, except for county population via the 
U.S. Census. 
considered in the design of a networked 
surfing reserve system. We also address 
two additional considerations for surf 
breaks: vulnerability and cultural and his-
torical significance. Given the sensitivity 
of surf breaks to environmental condi-
tions and coastal management activities, 
vulnerability is a critical factor; cultural 
and historic significance is a community-
based valuation, a context for public 
engagement, and a pathway to ensure 
the values of minoritized or underserved 
communities are considered.

CONSIDERATIONS FOR 
NETWORKED PROTECTED AREAS 

FOR SURFING RESOURCES
Here, in analyzing key characteristics 

for consideration in networked surfing 
reserve system design, we rely on both 
published and unpublished data. In the 
case of surfing resources, these character-
istics are interrelated and so we present 
them as follows: (1) surf break size, car-
rying capacity, and variety; (2) surf break 
quality and value; (3) accessibility and 
spacing; (4) vulnerability; and (5) cultural 
and historic significance. Our objective is 

not to present definitive analyses of any 
characteristic, but rather to use existing 
data to initiate debate about which types 
of data could be considered in a future 
planning process.

1) Surf break size, carrying  
capacity, variety

Waves break according to predictable, 
defined, physical relationships between 
their size, period, and direction of travel, 
and bathymetry of the seafloor. These 
factors affect wave quality (see following 
section) but also naturally divide surf 
breaks into several general categories, 
including breaks where the surfer may 
ride to the right or left or both (Butt et 
al. 2004), as well as a variety of metrics 
informing the circumstances of when and 
how a wave breaks and the attributes of 
the rides surfers might achieve on them. 
California’s lengthy coastline provides 
tremendous variety in terms of surf break 
quality, length, etc.; a dataset of Califor-
nia surf breaks (Sutherland and Colas 
20188) finds that the state’s roughly 300 
described breaks are widely distributed 
across various attributes (Figure 1). Ac-
cording to these data, greater than 30% 
of California’s breaks are excellent or 
better (Figure 1b), more than two thirds 
are short (rides of 100 m or less; Figure 
1d), and about one third are optimal 
for beginners (Figure 1f); Figure 1 also 
displays additional attributes. As public 
recreational resources, surf breaks may 
also demand certain improvements (e.g., 
vehicle parking, accessibility features, 
restrooms; Blum and Orbach 2021); these 
improvements can define a community’s 
context and value of a particular surf 
break and type (Atkin et al. 2019). 

Surf break type has implications not 
only for diversity of resources protected 
and the preferences of users, but also 
for the size of the reserves themselves, 
because the spatial extent of surf breaks 
can vary widely: reef and point breaks, for 
example, rely on fixed features of bathym-
etry or coastal geography, whereas beach 
breaks rely on seafloor sediments whose 
qualities and location are dynamic in time 
and space — dynamism that can likewise 
affect other surf break types.9 Figure 2 
presents the general size (in terms of 
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Figure 2. Surf break type and spatial characteristics. Aerial images of typical California point breaks (left), reef breaks 
(middle), and beach breaks (right). Circles indicate approximate “takeoff zones” (where surfers wait for and paddle 
to catch incoming waves) and black arrows indicate general direction of surfer motion while riding. At point and reef 
breaks, the location of the takeoff zones changes little depending on conditions; conversely, at beach breaks, the 
takeoff zones are numerous and constantly in flux due to sediment transport, as indicated by white arrows. N.B., 
Surfers are clearly visible floating in the water in top image. Scale bars = 100m. Images via Google Earth. Figure 
adapted from Reineman 2015.

9) For discussion, see Sadrpour and Reineman 
(2023); furthermore, the characteristics of any 
given surfing resource — especially beach breaks 
— may likewise rely on transport of sediment into 
or out of the immediate vicinity of the surf break 
itself through process of erosion, introduction, and 
translocation of sediment within coastal littoral cells 
(Patsch and Griggs 2006).

Figure 3. Surfer preferences 
for different surf break types 
in California, from a survey of 
surfers in 2014. These unpublished 
data were collected as part of a 
survey effort that resulted in other 
publications. For discussion of 
the methods, including the survey 
instrument and enumeration, see 
Reineman et al. 2017. 

area) and spatial characteristics of several 
representative California surf break types. 
Importantly, size is discussed exclusively 
in the context of the space where waves 
break and are ridden — i.e., the surf zone. 
However, many factors external to this 
space can affect the quality and existence 
of the wave; this point is discussed in 
more detail in the Discussion section.

While the natural allotment of surf 
break diversity is important to consider, 
so too is the preference of resource us-
ers — surfers. Equipment (i.e., surfboard 
type) as well as ability lead some surfers 
to develop preferences for one type of 
wave over another, as do long-standing 
relationships (i.e., tenure) with specific 
surf breaks, which often span decades, 
lifetimes, and generations (Reineman 
2016; Reineman and Ardoin 2017). 
The preferences of California surfers, as 
collected in an online survey in 2014, 

over another, including both functional 
and symbolic reasons, such as the physi-
cal characteristics of the wave itself, its 
accessibility, social environment, prior 
personal experiences with it, and the surf 
break’s natural environment.

The carrying capacity of a surf break 
— how many surfers a given surf break 
can accommodate at one time — is also 
dependent on surf break type, among 
other factors, though the authors are not 
aware of specific studies purporting to 
develop carrying capacity measures for 
surf breaks; such measures have been 
developed for sandy beaches (see e.g., 
De Ruyck et al. 1997) and suggested 
for consideration in the management 
of, specifically, destination surf breaks 
(Ponting and O’Brien 2015). The authors 
observe, based on unpublished data and 
personal experiences, that some surf 
break types/locations (e.g., reef breaks) 
tend to concentrate surfers, where oth-
ers tend to diffuse the crowd (e.g., beach 
breaks; Figure 4); furthermore, carrying 
capacity can vary temporally, with tide, 
season, and other factors shaping the 
quality of the surf break on hourly up to 

suggest that while beach breaks are most 
popular, preferences for other types are 
widely distributed (Figure 3). Reineman 
and Ardoin (2017) parse surfers’ different 
rationales for preferring one surf break 
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Figure 4. Surf break type affects size, carrying capacity, and — potentially 
— conflict. Top: A reef break in San Diego County where surfers must sit 
in a very confined area in order to catch a wave (YouTube frame grab from 
“Surfing HEAVY Slabs in San Diego January 9, 2021” at 2:22, posted by 
SoCal Surfer on 9 January 2021 at https://youtu.be/k20pTOotIOI). Middle: A 
beach break in Orange County where surfers can spread out over a large 
area and still catch a wave (YouTube Video Frame Grab from “The Truth 
About Surfing Huntington Beach” at 1:22, posted by Brad Jacobson on 29 
December 2020 at https://youtu.be/tM9nSnWdVC0). Bottom: Two surfers 
engaged in a physical altercation for priority on a limited resource (YouTube 
Video Frame Grab from “Anger Management Coolangatta” at 3:57, posted by 
Raw Surfing on 26 May 2024 at https://youtu.be/RgrhnoP-HS4).

annual bases. Well-studied, however, are 
the negative interactions between surfers 
and the number of surfers at a surf break 
at one time in the form of localism and 
territoriality: both serve to limit resource 
use by others (and thereby socially reduce 
carrying capacity) in favor of a smaller 
group of surfers who claim a priority 
based on ability, precedence, tenure, or 
other factors. Kaffine (2009) and Mixon 
(2014) describe the relationships between 
surf break quality and localism in Cali-
fornia: better quality surf breaks are more 
likely to experience localism-type behav-
iors. This phenomenon is documented 
elsewhere as well (Usher and Kerstetter 
2015, Usher and Gómez 2016).

Summary — Surf break size,  
carrying capacity, variety

The type of surf break matters, both 
from the perspective of the resource 
itself, but also from the perspective of 
the resource user. Different types of surf 
breaks are not proportionally represented 
along California’s coast (Figure 1); some 
are more common, some less, and each 
appeals to different surfers for different 
reasons (Reineman and Ardoin 2017). 
The type of surf break also has impli-
cations for its size in terms of spatial 
area, which is highly relevant for MPA 
design, and directly relevant to its car-
rying capacity: some breaks can easily 
accommodate greater numbers of surfers 
than others. When the number of surfers 
exceeds carrying capacity at a surf break, 
conflicts over limited resources are more 
likely to arise.

2) Surf break quality and value
Crowding, and subsequently conflict, 

are also driven by a surf break’s quality, 
which likewise drives its value. The quality 
of waves varies widely in time and space 
and in the subjective opinions of surf-
ers; several objective measures of a surf 
break’s physical qualities, including wave 
peel angle and consistency, can also be 
identified (Mead and Black 2001). In other 
cases, a wave may break infrequently, but 
be of high repute when it does (e.g., Mav-
ericks, a “big wave” break in California’s 
San Mateo County). These measures, 
along with surfer preferences — which can 
draw from both personal experiences and 
knowledge of a surf break’s reputation — 
combine to provide ample approaches for 
the assessment of surf break quality. While 
not a scientific metric, a Google search 
for “the best surf breaks in California” 
turns up multiple ranked lists within the 
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Figure 5. Surf break quality affects surfer participation. Top: Picture of 
Mavericks (photo by Shalom Jacobovitz, 2010, CC BY 2.0. https://commons.
wikimedia.org/wiki/File:2010_mavericks_competition.jpg). Middle: Picture 
of Lindamar (photo by c_nilsen, 2012, CC BY 2.0. https://www.flickr.com/
photos/c_nilsen/2041391027/). Bottom: People surfing at Surfrider Beach 
in Malibu (photo by H. Sanchez, 2006, CC BY 2.0. https://www.flickr.com/
photos/65975278@N00/236691465).

10) “World’s 50 best surf spots,” by Jade Bremner, 
for CNN, 1 July, 2013; https://www.cnn.com/travel/
article/50-surf-spots/index.html (last accessed 11 
December 2023).

11) “Learn To Surf: How to walk on water in 7 easy 
steps,” by Richard Schmidt, for Surfline, 29 January, 
2019; https://www.surfline.com/surf-news/learn-
to-surf/32182 (last accessed 11 December 2023).

first page of search results; five California 
breaks are included in CNN’s list of the 
world’s 50 best breaks.10

A particular challenge arises in the 
network context with regard to surf break 
quality because different surf breaks are 
suited to different styles and levels of 
surfing.11 Big wave surfing, for example, 
happens at a select few California surf 
breaks, requires specialized equipment 
and, due to risks and physical and techni-
cal challenges, naturally limits entry to all 
but extremely talented and risk-tolerant 
surfers (Figure 5, top). Other surf breaks, 
by contrast, routinely produce conditions 
optimal for novice surfers: peel angles are 
mild, waves break in a crumbling (versus 
barreling) fashion (Butt et al. 2004), bot-
toms are sandy and generally accessible, 
and longboard-style surfboards are more 
prevalent (Figure 5, middle). Still, many 
surf breaks appeal to both experienced 
and novice surfers, with more acute peel 
angles producing faster waves that sup-
port a variety of abilities and equipment 
(Figure 5, bottom).

Considerations of surf break qual-
ity are highly relevant to discussions of 
surf break value. As explained, surfers’ 
preferences for waves vary widely, but 
commonly are a function of the physical 
attributes of a surf break and how its waves 
break. For example, Reineman and Ar-
doin (2017, p. 333) report that 670 out of 
1,043 surfers surveyed (about a California 
surf break) mentioned “the physical char-
acteristics of the surfed wave” when asked 
“[w]hy is surfing this [favorite] surf spot 
important to you.” Other themes were 
not mentioned as often. Furthermore, 
76.8% of the survey respondents reported 
surfing their favorite surf break daily or 
weekly (Reineman and Ardoin 2017). 
Thus, individual, personal significance 
as well as visitation frequency are two 
conceptual ways that waves can be valued. 

Another approach used in Reineman 
and Ardoin (2017) was to ask respondents 
to describe the impacts they would suf-
fer if their ability to surf their “favorite” 
surf break were permanently blocked. 
Although many respondents stipulated 
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they would substitute their surf break 
for another, many respondents also de-
scribed significant personal impacts. For 
example: “[my surf break] is a source of 
a large amount of my surf photography 
business” and “I would be angry and up-
set. I would feel like a part of my life was 
taken from me” (Reineman and Ardoin 
2017 at p. 333). In some respects, an ex-
perience of loss (followed by restoration) 
of specific surf breaks was sustained in 
real life during the COVID-19 pandemic, 
when many beaches were closed to surf-
ing. In a related, unpublished survey, surf-
ers reported impacts to their mental and 
physical health as a result of losing access 
to surfing during the pandemic (Reine-
man, unpublished data; Usher 2023).

Alternatively, surf breaks have been 
assessed to determine their economic 
contribution to local communities. Using 
hedonic methods, Trestles, in southern 
California, was found to contribute $8 
million to $13 million annually to its local 
economy (Nelsen et al. 2007); Mavericks 
was found to contribute $23.8 million 
(Coffman and Burnett 2009). There are 
drawbacks to these studies: they are time 
consuming, do not reflect other potential 
economic values (e.g., existence value and 
willingness to pay for preservation), and 
have been conducted at only a few surf 
breaks in California.

Summary — Surf break  
quality and value

Surf breaks can be defined qualita-
tively, both in absolute terms as well as 
relative terms. There is value in preserv-
ing various kinds of surf breaks, both 
expert and beginner breaks, for example. 
Optimally, surfers want surf breaks where 
they can learn basics, acquire new skills 
and refine ones already acquired, and, in 
some cases, develop expert or specialized 
techniques. Surfers then, through their 
surfing needs and preferences, come to 
value different waves differently, though 
assessing values of recreational resources 
is challenging.

3) Surf break accessibility 
 and spacing

Other elements of surfing resource 
quality are extrinsic to the waves them-
selves, but extremely relevant when 
considering a networked surfing reserve 
system. These extrinsic elements per-
tain to the ability of the surfing public 
to physically visit a surf break (factors 

include, among others, parking, acces-
sibility, availability of showers or other 
improvements, etc.), as well as to how surf 
breaks are distributed along California’s 
lengthy coastline in relation to surfers’ 
travel and visitation patterns. Spacing has 
been identified as a desirable feature in 
prioritizing surf breaks for conservation 
at the global scale, providing surfers with 
a suite of options over relatively short 
distances (Arroyo et al. 2023).

In their 2017 study, Reineman and Ar-
doin report that the most common theme 
among survey respondents describing 
their favorite wave — after the char-
acteristics of the wave itself (discussed 
above) — was the wave’s accessibility; 
this included mentions of proximity to 
such “ease of access and visitor-serving 
amenities as parking or showers” (p. 331). 
However, Wagner et al. (2011) report 
that surfers do not generally live near 
the surf breaks they frequent most, and, 
furthermore, that typical travel distances 
vary in different locales and for different 
surf breaks based on the distribution of 
surf breaks and surfers. California surfers 
drive an average of 8 miles to get to the 
surf (versus the national average of 10 
miles; n = 2,315), but this varies from 5 
miles in San Diego County, to 15 miles in 
the San Francisco Bay Area, to 25 miles 
for the surf breaks located at San Onofre 
State Beach (also San Diego County; 
Wagner et al. 2011).

Finally, consideration of driving 
distances necessitates considerations 
of equity and environmental justice 
regarding access to coastal resources. In 
California, due to a host of historic and 
contemporary factors, including, but not 
limited to, systematic, structural racism, 
segregation, and other practices, such as 
redlining, not all Californians enjoy equi-
table coastal access (Reineman et al. 2016)
Further, while the California Coastal Act 
has protected the coast and access to it 
in many ways, the act has yet failed to 
achieve equitable access statewide. The 
population of Californians with the most 
access to the coast, i.e., those living within 
1 km of it, has a larger white popula-
tion (by 25%) and smaller populations 
of Hispanic or Latino people (by 52%), 
Black  people (by 60%), American Indian 
people (by 58%), and households below 
the poverty line (by 18%), compared to 
the state average demographics (Reine-
man et al. 2016).

Summary — Surf break  
accessibility and spacing

Surf breaks are numerous but distrib-
uted unevenly across California’s coast; 
surfers in different regions already drive a 
wide range of distances to reach their typi-
cal surf spots; it is possible that based on 
broad demographic trends, these distances 
are shorter for white surfers compared 
to surfers of color. All could be consid-
ered when determining the optimal (or 
minimum or maximum) distance between 
surfing reserves in a reserve network.

4) Surf break vulnerability
When considering whether a surf 

break should be protected, we can also 
consider whether it is acutely vulnerable 
and therefore would benefit from protec-
tion. We do not here purport to stipulate 
the goals and objectives of a potential 
network of surf break protected areas; we 
can, however, examine data suggesting 
that surf breaks are at risk from a variety 
of impacts and that some breaks are more 
vulnerable than others. The notion that 
some places or resources are less valuable 
or beyond saving culminates in “sacrifice 
zones,” with attendant implications for 
environmental justice (Juskus 2023); 
from a practical standpoint, it is relevant 
to ask whether including in a reserve 
network a node (i.e., individual reserve) 
that cannot be saved and will soon vanish 
is the best allocation of a finite number 
of such nodes.

Several studies have examined the 
impacts of coastal development, climate 
change, and other factors on the quality 
and existence of surf breaks. In a review 
of 30 coastal development projects world-
wide, Corne (2009) found that 18 suffered 
a reduction in the quality of their waves, 
while 12 experienced an improvement 
or no effect. In California, surf breaks 
are indeed vulnerable to impacts from 
such projects: notably, an Orange County 
surf break, “Killer Dana,” was completely 
eliminated by the construction of the 
Dana Point Harbor breakwater in 1969 
(Westwick and Neushul 2013). In con-
trast, the construction of the Newport 
Harbor north jetty created the surf break 
known as “the Wedge” (Orange County).
As a result of these and other potential 
impacts, guidelines for consideration 
of surf breaks in planning processes 
to reduce their vulnerability to coastal 
development have been developed in 
New Zealand (Atkin et al. 2019). These 
guidelines have been examined with 
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Figure 6. Effects of sea level rise 
on California surf breaks. The best 
conditions at greater than one-third 
(34%) of breaks are threatened or 
endangered with drowning due to 
1 m of SLR; 61% will experience 
minimal effects; 5% may experience 
their optimal conditions more 
frequently. Data adapted from 
Reineman et al. 2017, Figure 4 at p. 
187.

12) See, e.g., California Assembly Bill 1782 (2018).

an eye toward their adaptability to the 
California context (see Atkin et al. 2020) 
though they have not been adopted.

Climate change presents a suite of 
additional threats to surf breaks, includ-
ing changes to the size and origin of 
wave-generating storms, alteration or 
destruction of coastlines, disruption of 
coastal processes, and sea level rise (SLR) 
(Sadrpour and Reineman 2023). In their 
review, Sadrpour and Reineman (2023) 
conclude that of these threats, some are 
existential and/or will be obviously ob-
servable to contemporary surfers in their 
lifetimes: they classify these as “first or-
der,” and include rapid SLR and increased 
magnitude and frequency of extreme 
events. They also include, as first order 
threats, human responses (e.g., coastal 
armoring or development), that can 
potentially irreparably harm surf breaks. 
Attempts to specifically identify climate 
change risks for specific surf breaks are 
rare in the literature; one effort to evalu-
ate SLR impacts reported that the best 
conditions at greater than one-third of 
evaluated California surf breaks would be 
threatened or endangered with only 1 m 
of SLR (Reineman et al. 2017; Figure 6). 
A tool for assessing the key factors driving 
surf break vulnerability to climate change 
has been published (Sadrpour and Reine-
man 2023) and could be beneficial in 
identifying risks and vulnerability across 
the variety of California surf breaks.

Summary — Surf break vulnerability
Surf breaks are vulnerable to a suite of 

emerging and established threats, from 
human-caused threats like coastal devel-
opment to impacts from climate change. 
While California’s surf breaks have not all 
been individually evaluated, such evalua-
tions are possible in principle and could 
inform efforts to identify surf breaks 
that are especially susceptible to loss or, 
alternatively, are not worth protecting.

5) Surf break historic  
and cultural significance

Lastly, sites of outdoor recreation, like 
surf breaks, are more than biophysical 
features: they represent loci of human 
connection to the natural environment 
(Peryman and Orchard 2013; Skellern 
et al. 2013; Reineman and Ardoin 2017; 
Blum and Orbach 2021). Such places are 
critical for gathering and interaction, 
and for producing culture, history, and 
outputs like economic activity (Preston-
Whyte 2002, Blum 2015, Blum and 

Orbach 2021). As mentioned, several 
California surf breaks are recognized 
within surfing’s worldwide community 
for their importance to the sport’s cul-
ture and history.12 Cultural and historic 
importance can also exist within smaller 
geographies. For example, a surf break 
may be important within a regional com-
munity for its contributions to patterns 
of coastal development, local recreation, 
or its association with important persons 
(Ball 2015, Blum and Orbach 2021). As 
a set of public policy instruments, his-
toric preservation can perform cultural 
analysis of outdoor recreation landscapes 
to evaluate their significance (Kirk and 
Palmer 2006, Blum and Orbach 2021, 
Flynn et al. 2024). This investigative pro-
cess is time intensive and might involve 
various data types, including but not 
limited to maps, historic documents, oral 
histories, and other forms of testimony. 
It has yielded positive results for one surf 
break, a renowned point break in Malibu, 
California (Los Angeles County), which 
was listed in the National Register of 
Historic Places (Blum and Orbach 2021).

Significant surf breaks may be adjacent 
to, or within, lands or waters significant 
to other communities, including tribal 
communities. The proposed destruction 
of a tribal sacred site was one reason cited 
by the California Coastal Commission 
for denying a major construction project, 
thereby indirectly protecting a nearby 
significant surf break (Gilio-Whitaker 

2012). Furthermore, as discussed, the 
failure to consider historic and cultural 
factors in consultation with tribes in 
California is considered an oversight 
of the MLPA process (Murray and Hee 
2019) that has implications for stake-
holder engagement and support of the 
planning process (Sayce et al. 2013). Thus, 
the analysis of historic and cultural sig-
nificance can achieve limited surf break 
protection, directly involve minoritized 
communities, like tribes, as well as result 
in additional benefits for fostering public 
participation, process and policy update, 
and eventual effectiveness of established 
reserves.

DISCUSSION
Surf break protection policy

In policymaking, currently, there 
is limited consideration of surf break 
protection. However, there is potential 
for increased consideration and formal 
protection of California surf breaks by 
engaging local, state, and federal policy 
instruments. Apart from Malibu’s Nation-
al Register listing (which requires some 
formal consideration in future planning 
processes that might impact Malibu), 
other legally protected areas, like MPAs, 
do not exist for any California surf breaks. 
As recreational resources, surf breaks 
receive some consideration in formal 
planning processes in California, particu-
larly within the purview of the California 
Coastal Commission. The commission 
is statutorily responsible for balancing 
marine recreation with other activi-
ties, and it oversees implementation of 
local-level planning in coastal cities and 
counties (through Local Coastal Plans: 
LCPs), though the commission retains 
jurisdiction of regulation over activities 
on or adjacent to the shoreline (Atkin et 
al. 2020; Blum and Orbach 2021). Com-
prehensive surf break protection depends 
upon both access to the shoreline and 
protection of landside resources that in-
fluence surf quality (Reiblich 2013, Blum 
and Orbach 2021). LCPs, while locally 
crafted (and subject to approval by the 
commission), have jurisdiction limited to 
areas above mean high tide but can affirm 
a community’s connections to local surf-
ing resources and prioritize provision or 
protection of access to them. In principle, 
LCPs can also highlight coastal areas 
important to a surfing resource’s quality. 
For example, an LCP can highlight the 
importance of sediment flows from a 
river mouth, and therefore its surround-
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13) National Register Bulletin 15b. 1997. “How to 
apply the National Register criteria for evaluation.” 
U.S. Department of Interior, Washington, DC.

14) National Register Bulletin 16b. 1999. “How to 
complete the National Register Multiple Property 
Documentation Form.” U.S. Department of Interior, 
Washington, DC.

ing watershed system, to the quality of 
specific surfing areas. 

With its focus on a spatial planning 
process to protect marine biological 
resources by designating networked 
MPAs, California’s MLPA can serve as 
a model for future policies to create a 
networked surf break protection system 
in California. Such policies could align 
with the MMAIA’s existing classification 
system, which includes two reserve types 
to protect marine cultural resources: State 
Marine Cultural Preservation Areas, for 
historic or cultural sites and objects; and 
State Marine Recreational Management 
Areas, for sites of high-value recreation. 
At present, there are no designated cul-
tural resource MMAs in California, and 
thus there are no surfing-specific MMAs. 
However, marine cultural resource con-
servation is an available option for surf 
break protection; the precedent of using 
MPA classifications within the MMAIA 
to establish networked protection for 
marine biodiversity resources suggests a 
path for surfing resources.

Historic preservation, as a set of plan-
ning tools with corresponding planning 
protections, is a cooperative program 
between federal, state, and local gov-
ernments. At the federal level, and as 
mentioned for Malibu, the National 
Register is already a demonstrated viable 
option — at least for those surf breaks 
satisfying the two-part requirement of 
historic significance, within one or more 
contexts, and historic integrity (Blum 
and Orbach 2021). While related historic 
resources can be networked by proximity 
(as historic districts13) or thematically 
(through a Historic Context Statement14), 
a programmatic approach for California’s 
entire coastline, capturing the variety of 
its surf breaks, seems an unlikely pathway 
for a statewide protected surf break net-
work. However, regionally scaled projects 
may be viable. Importantly, National Reg-
ister listings secure only limited protec-
tions. In California, federal undertakings 
(projects funded or licensed, permitted, 
or approved by a federal agency) or state 
projects that may threaten a listed historic 
resource must consider potential unin-

tended or negative effects, and, if possible, 
avoid them.15 This administrative review, 
sometimes described as a “Stop, Look, 
and Listen” approach, does not guaran-
tee that negative effects are ultimately 
avoided, only that they are considered 
during planning. However, thousands of 
National Register-listed properties have 
avoided permanent alteration or demoli-
tion through application of this process 
(Barras 2010). Also, these protections 
are neither prescriptive nor absolute: a 
National Register listing does not secure 
mandates to address standing impair-
ments and listing protections can be 
discontinued if a resource is permanently 
altered (Blum and Orbach 2021).

Regardless of the policy mechanism 
pursued, the historic and cultural signifi-
cance of surf breaks can still be included 
as factors in their selection for protected 
status. We do not treat these factors as 
extensively as we do other categories, for 
several reasons. First, by taking biodi-
versity MPAs as our analogy, our focus is 
on the physical resource itself and on the 
resource users (by analogy, ecosystems 
with fisheries and fishers). However, as 
evidenced by the MLPA planning process, 
a narrow focus on the physical resource 
alone can result in challenges to imple-
mentation and discount important con-
nections people have made, and maintain, 
with coastal areas. Second, from an evalu-
ative standpoint and in the context of this 
article, ready sources of data on cultural 
and historic significance of surf breaks 
are more challenging to identify and 
incorporate, though that does not belie 
their importance. California’s MPA man-
agement agency, the Department of Fish 
and Wildlife, lists as a long-term priority 
recommendation in its Decadal Manage-
ment Review Report the goal to “better 
incorporate marine cultural heritage into 
the design of the MPA Network.”16 While 
other factors (e.g., quality or popularity) 
might partially explain certain elements 
of cultural or historic significance of surf 
breaks, limiting evaluation to these mea-
sures would likely overlook important 
nuance, further disenfranchise minori-
tized communities, and cause eventual 
problems with implementation.

CONCLUSION
Based on the extraordinary scale 

involved in the implementation of Cali-
fornia’s MLPA and establishment of its 
MPA network, it seems unlikely that 
surf breaks, though colorful in the public 
eye, beloved by their users, and recently 
enshrined within language designating 
surfing as the official state sport of Cali-
fornia, will garner a similar level of in-
terest and investment for protection any 
time soon. However, we hope that this 
article will stimulate conversation about 
not only the importance of and poten-
tial for surfing resource protection, but, 
more broadly, to highlight the potential 
benefits of pursuing a networked, data-
supported approach to planning such 
protections for recreational resources 
and cultural ecosystem services; and if 
the MLPA process is any guide, public 
engagement and participation are critical 
to such an approach. Climate change and 
human efforts to adapt and otherwise 
respond to its impacts present many 
existential threats for coasts and surf 
breaks; this is likewise true for many 
cultural ecosystem services, including 
other non-surfing recreational resources. 
As efforts to protect these — and surfing 
resources — expand, networked protec-
tions promise better consideration of key 
factors for ensuring continued use and 
equitable access to them.
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Graveling Point Beach is a public 
beach in Little Egg Harbor Town-
ship, New Jersey, that provides 

upland protection to the community from 
storm events and recreational opportuni-
ties for residents (Figure 1). The site has 
been subject to long-term erosion. In 
2020, a local architecture and engineer-
ing firm was contracted by the township 
to design a living shoreline project that 
would both widen the beach and address 
the ongoing erosion. The final design 
consisted of a beach nourishment, four 
low-crested shore parallel stone break-
waters, and a stone groin (U.S. Army 
Corps of Engineers Philadelphia District 
2021). The construction was completed 
in phases with the stone structures con-
structed in fall 2022 and the nourishment 
in spring 2023 (Figure 2). In this study, 
the definition of low-crested is consistent 
with that used by Van der Meer and Dae-
men (1994) and Briganti et al. (2003). 
Those studies use “low-crested” to refer 
to structures where the ratio of freeboard 
to incident wave height is less than five 
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or when the ratio of freeboard to median 
stone size is less than two.

Several unique features of the project 
provided an opportunity to gain a greater 
understanding of the wave-attenuating 
impacts of the breakwater system on 
shoreline morphology in the months fol-
lowing a nourishment event. The shore-
line’s limited extent (approximately 300 m 
long), the presence of a groin downdrift, 
and a limited fetch of approximately 7 
km create a set of relatively controlled 
conditions (Kerr et al. 2020) that allows 
for a finer scale analysis of the beach fill 
evolution. Further, one of the breakwaters 
was constructed with a visible offset in 
elevation (marked with a star in Figure 
2; Figure 3) providing a unique opportu-
nity to compare the effect of crest height 
on wave transmission. The halves of the 
breakwater being compared are referred 
to as “taller” and “shorter.” It was hypoth-
esized that shoreline development behind 
this breakwater would be sensitive to this 
difference in transmission since the fill 

was uniformly placed without varying 
the alongshore density.

It is hoped that the results of the pres-
ent study can improve the understanding 
of wave transmission over, around, and 
through low-crested segmented struc-
tures and that this information can be 
used to improve future designs. Similarly, 
it is hoped that the measured morpho-
logical changes can be used to improve 
formulas for predicting the response 
of shorelines to low-crested segmented 
breakwaters in low-moderate energy 
settings.

BACKGROUND
Wave transmission

When waves interact with a set of low-
crested breakwaters such as that shown 
in Figure 2, a portion of the energy will 
be reflected, a portion will be dissipated, 
and a portion will be transmitted. Wave 
gauges placed offshore of the structure 
will predominantly measure the inci-
dent wave energy (reflection is assumed 
small). Wave gauges placed behind the 
structure will record the transmitted 
energy, but also a portion of the energy 
of the waves passing through the gaps 
(diffraction).  

Wave transmission is typically quanti-
fied by comparing the ratio of the trans-
mitted (inshore) wave height (Ht) to the 
incident (offshore) wave height (Hi) to 
calculate a wave transmission coefficient 
(Kt) (Equation 1).

Kt = Ht/Hi  			     (1)

In such calculations, it is generally 
assumed that the amount of energy trans-
mitted around the structure is negligible. 
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Figure 1 (left). Graveling Point’s 
(marked by star) maximum fetch in 
Great Bay. Photo from ArcGIS software 
by Esri for MAXAR satellite imagery 
and world ocean layer.

Figure 2 (left). Graveling Point 
Beach, Little Egg Harbor Township, 
New Jersey, before (March 8) and 
after (April 17) the nourishment that 
occurred in late March 2023. The 
breakwater starred in the figure was 
the subject of the wave study. Photo 
from ArcGIS software by Esri for 
MAXAR satellite imagery.

Kt decreases as the amount of transmit-
ted wave energy decreases. Empirical 
studies have identified several structure 
characteristics that influence the amount 
of wave height reduction that is achieved, 
including: crest height (hs), crest width 
(B), structure slope (m), and median 
stone diameter (D50). More specifically, 
the height of the crest above the water 
level (d) plays an important role in deter-
mining the amount of wave transmission 
that occurs via overtopping. The height of 
the crest above the water level is known 
as the freeboard (Rc).

The characteristics of the wave climate 
also play a role in the amount of wave 
transmission that occurs. For example, 
wave steepness (Sop) can be calculated by 
measuring the peak period (Tp) correlated 
to the incident waves (Equation 2) which 
then informs the surf similarity param-
eter (ξ) (Equation 3). Note that the use 
of the incident wave height at the toe of 
the structure (Van der Meer and Daemen 
1994; Briganti et al. 2003) varies from the 
typical use of deep-water wave height (g 
is gravitational acceleration): 

Sop = 2πHi/gTp
2 			     (2)

ξ = m/√Sop   			     (3)

For empirical models that predict 
wave transmission, crest elevation is 
critical for breakwater design because 
small changes can lead to significant dif-
ferences in wave transmission (Chasten et 
al. 1993). Crest width also influences the 
amount of wave energy that is transmit-
ted through overtopping along the crest 
of the structure; wider crest widths lead 
to lower amounts of energy transmitted 
inshore (Briganti et al. 2003). Hassanpour 
et al. (2023) determined from laboratory 
testing of low-crested breakwaters and a 
comprehensive review of existing wave 
transmission formulas that the Van der 
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Figure 3. Breakwater constructed with offset at Graveling Point Beach.

Meer and Daemen (1994), Briganti et al. 
(2003), and d’Angremond et al. (1996) 
formulas had the lowest root mean 
squared error. The tested ranges of pa-
rameter values over which the empirical 
equations were derived are given. 

The Van der Meer and Daemen equa-
tion suggests that wave transmission 
is linearly related to non-dimensional 
freeboard, as given by Equation 4 where 
D50 is used as the non-dimensionalizing 
parameter. In the equation, the slope 
term is related to a non-dimensionalized 
incident wave height, while the intercept 
is related to both non-dimensionalized 
wave height and crest width. 

Kt = a (Rc/D50) + b 		    (4)

Where a = 0.031 (Hi/D50) - 0.24 and  
b = 5.42Sop + 0.0323 (Hi/D50) - 0.0017 
(B/D50)

1.84 + 0.51

Tested range limitations: -2 < Rc/D50  
< 2; 1 < Hi/D50 < 6; 0.01 < Sop < 0.05

In the Briganti et al. and d’Angremond 
et al. formulas, wave transmission is 
given as a function of non-dimensional 
freeboard (Rc/Hi) and crest width (B/Hi). 
For narrow crested structures (B/Hi < 10), 
Briganti et al. and d’Angremond et al. are 
the same equation; however, Briganti et 
al. expanded the testing ranges for relative 
freeboard and crest widths. The Briganti 
et al. equation is given by Equation 5 and 
is used as a benchmark against which the 
observed values could be compared.

For B/Hi > 10:   			    (5)

Kt = -0.35 (Rc/Hi) + 0.51 (B/Hi)
-0.65 (1 - 

e{-0.41ξ})

For B/Hi < 10: 			     (5)

Kt = -0.4 (Rc/Hi) + 0.64 (B/Hi)
-0.31 (1 - e 

{-0.5ξ})

Tested range limitations: -5.0 < Rc/Hi < 
5.0; 0.37 < B/Hi< 102.12; 0.002 < Sop < 
0.07  

Table 1 and Figure 4 provide a sum-
mary of the parameters included in most 
empirical wave transmission formula-
tions and how they were measured. In 
the present study, crest width, break-
water slope, and median stone size are 
all fairly consistent along the length of 
the breakwater in question. This isolates 
the influence of the varied crest height 
between the two sides of the breakwater 
and the freeboard which varies with each 
collected burst of data. Additional details 
for the measured parameters are provided 
in the Field Methods section.

Wave diffraction
In a segmented breakwater system, 

the gaps between breakwaters introduce 

Table 1. 
Graveling Point breakwater design parameters for transmission prediction.
Parameter	 Symbol	 Value	 Source
Crest height	 hs	 Taller – 0.98 m NAVD 88; 	 RTK GPS
		  Shorter – 0.88 m NAVD 88
Water level 	 d	 Offshore mean value for each 	 RBR
		  hourly, 17.1-minute burst 
		  (m NAVD 88)
Freeboard	 Rc	 hs - d for each 17.1-minute 	 See above
		  burst (m NAVD 88)
Peak period 	 Tp	 Offshore peak value for each 	 RBR
		  hourly, 17.1-minute burst (s) 
Crest width 	 B	 1.22 m	 Design plans
Breakwater slope	 m	 0.67	 Design plans
Median stone size	   D50	 0.61 m	 Field estimate

a source of diffracted wave energy which 
contributes to the measured inshore 
wave heights. Diffraction patterns are 
influenced by the directional spreading of 
incoming waves, their angle of approach 
relative to the gap, and the wavelength of 
the waves in comparison to the gap width. 
The amount of diffracted wave energy at 
a given point depends on the horizontal 
and vertical displacement of the point 
compared to the source of the diffracted 
energy. Wind waves locally generated 
have greater directional spreading than 
swell waves that were generated further 
away (Coastal Engineering Research 
Center [CERC] 1984). The diffraction 
diagrams in the Shore Protection Manual 
(CERC 1984) can be used to predict wave 

Figure 4. Schematic of how wave transmission parameters from literature are 
defined in this report. All parameters are measured in reference to NAVD 88 
except for crest width (B).
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energy patterns. Table 2 summarizes the 
parameters used for estimating diffracted 
wave heights. Here, the water level and 
peak period values used are the median 
of all bursts measured for the wave trans-
mission study. 

Shoreline response
Wave transmission and diffraction 

influence shoreline morphology by con-
trolling the amount of energy allowed in-
shore. Sediment erodes, or scours, along 
the diffracted wave crest lines (Dally and 
Pope 1986). Behind the breakwaters, 
termed the shadow zone, there is low 
wave energy because of the diffraction 
pattern; this results in the accretion of 
sediment in that area which modifies the 

Table 2. 
Graveling Point breakwater design parameters for diffraction prediction.
Parameter	 Symbol	 Value	 Source
Water level 	 d	 Median value of all 720 water levels 	 RBR
		  from bursts (m)
Peak period 	 Tp	 Median value of all 720 peak periods 	 RBR
		  from bursts (s)
Gap length	 G	 32.6 m 	 Design plans

overall shoreline morphology (Dally and 
Pope 1986). The accreted sediment in the 
shadow zone is termed either a salient or 
a tombolo based on whether the accreted 
sediment extends to the structure once 
the shoreline has reached equilibrium; 
if the shoreline does reach the break-
water, the morphology is described as 
a tombolo. The apex of the salient or 
tombolo is typically near the center of 
the structure but can vary with the wave 
climate at the site (Dally and Pope 1986). 
The length of the salient or whether a 
tombolo is formed is dependent on the 
breakwater design — indirectly through 
limited transmission and directly through 
the length and placement of the break-
waters. Suh and Dalrymple (1987) used 

Figure 5. Schematic of how salient parameters from literature are defined in 
this report.

Table 3. 
Graveling Point breakwater design parameters for salient development (Xs) 
prediction.
Parameter	 Symbol	 Value	 Source
Gap length	 G	 32.6 m	 Design plans
Breakwater length	 L	 31.4 m	 Design plans
Offshore distance	 X	 Varies	 GIS (derived from DEM)

historical field data of segmented break-
water systems to determine the influence 
of gap width (G), distance offshore (X), 
and the length of the breakwater (L) on 
the resulting salient length behind the 
breakwater (Xs).

Table 3 provides a summary of the 
parameters considered for salient de-
velopment at Graveling Point. Figure 5 
illustrates how these values were mea-
sured from the Digital Elevation Models 
(DEMs). Suh and Dalrymple (1987) 
utilize the original still water shoreline 
before breakwater construction as the 
reference for measuring salient length 
(Xs) and offshore distance (X). Because 
this study began after breakwater con-
struction, the original still water location 
was unknown, so instead, a reference line 
referred to as the effective shoreline was 
used which was assumed to be the half-
way point between the crest and trough of 
the sinuous mean tide line. The distance 
from the effective shoreline to the crest of 
the salient was Xs, and the perpendicular 
distance from the crest of the salient to 
the closest point on the breakwater was 
X. More details are provided in the Field 
Methods and Shoreline Response sections 
for identifying the mean tide line. 

Field methods
Four visits to the site for data collection 

occurred; the first was about two weeks af-
ter the March nourishment in April 2023, 
followed by May, November, and Decem-
ber 2023. A summary of the data collected 
at these visits is provided in Table 4. Dur-
ing each site visit, a drone survey of the 
beach at low tide was conducted to collect 
elevation data for the beach profile. It was 
critical to survey at low tide to ensure that 
all of the mean tide line was visible to the 
drone on the dry beach. The protocol 
outlined in Zimmerman et al. (2020) was 
utilized for placement of ground control 
points, flight parameters, and processing 
of the elevation data via Structure from 
Motion (SfM) to create a DEM) for each 
survey. During the initial site visit, Real-
Time Kinematic GPS (RTK GPS) was 
utilized to measure the crest elevation 
of the breakwater being studied for wave 
transmission. The goal was to try and limit 
as much bias in surveying location as pos-
sible by surveying across the width of the 
crest at both high and low points on the 
stones, leading to the collection of approx-
imately 15 survey points across each 3 m 
section of the approximately 31.4 m long 
breakwater. It was found that the average 

Table 4. 
Summary of data collected during site visits. 

	 Beach profile	 Breakwater crest	 Wave/water level
	 Drone 		  Drone	 Pressure
Date	 survey	 RTK/GPS	 survey	 sensors
17 April 2023	 X	 X	 X	 N/A
15 May 2023	 X	 N/A	 N/A	 N/A
6 November 2023	 X	 N/A	 N/A	 Deployed
6 December 2023	 X	 N/A	 N/A	 Retrieved
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crest elevation of the structure was 0.98 
m NAVD 88 (standard deviation 0.14 m) 
for one half of the breakwater, and 0.88 m 
NAVD 88 (standard deviation 0.09 m) for 
the other — a 10 cm difference between 
the two sides of the breakwater (Figure 
6). A new technique was also tested for 
measuring the crest elevations via drone 
survey. Zimmerman’s et al. (2020) meth-
odology of using flat ground control point 
targets could not be applied here because 
of the roughness of the breakwater crest. 
Instead, washable orange paint was ap-
plied in X shapes to serve as the known 
control points. A 0.5 m long X was drawn 
about every 4.5 m along the length of the 
breakwater, centered across the width. 
Zimmerman et al.’s (2020) methodology 
was also modified to reduce the flight 
altitude from about 115.8 m to 31.4 m to 
optimize the resolution of the breakwater 
elevation. The same SfM processing was 
completed to develop a DEM, and the 
results aligned well with the RTK GPS 
survey with one-half of the breakwater 
being noticeably higher in elevation than 
the other (Figure 7). In November, three 
RBRsolo3-D wave16 high-frequency 
pressure sensors (RBRs) were deployed; 
one RBR was placed centered offshore 
of the breakwater of interest while the 
other two RBRs were placed inshore and 
centered on the respective halves of the 
breakwater (“taller” and “shorter”) each 
approximately 7.6 m from either end of 
the breakwater. The inshore sensors were 
placed about 12.2 m from the breakwater 
and the offshore sensor was about 6.1 m 
from the breakwater (Figure 8). The sen-
sors collected data hourly on the hour at 
a sampling rate of 16 Hz for 17.1-minute 
bursts over one month for a total of 720 
bursts. From each burst, a zero-moment 
wave and corresponding peak period were 
obtained as well as an average water level. 
These burst sizes allowed for the variation 
in water levels from both the tide and 
storm surge to be considered. November 

Figure 6 (top). Elevation of 
breakwater crest measured in m 

NAVD 88 via RTK GPS. Dashed lines 
illustrate average taller: 0.98 m and 
average shorter: 0.88 m elevations.

Figure 7 (middle). Elevation of 
breakwater crest (m NAVD 88) 
obtained from drone imagery.

Figure 8 (bottom). Pressure sensor 
placement from 6 November to  

6 December 2023.
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to December was selected as the wave 
period of study because the area typically 
experiences larger waves in the fall than 
the spring due to nor’easter activity. 

RESULTS
Wave height reduction

The wave data were analyzed in the 
frequency domain using the MATLAB 
toolbox OCEANLYZ (Karimpour and 
Chen 2017). The peak period, zero-
moment wave height, and average water 
level were extracted for each 17.1-minute 
burst. The data were then filtered to re-
move bursts where the peak period was 
less than 1.5 sec or more than 8 sec. The 
lower limit was the measurement thresh-
old for the pressure gauge given the water 
depth, while the upper limit was a prac-
tical limit set to remove swell and other 
low-frequency oscillations. The data were 
also filtered to exclude wave heights less 
than 5 cm, which is considered the noise 

Figure 9. Offshore vs. inshore wave heights (m). Median offshore wave height = 0.09 m.

Figure 10. Observed transmission coefficients. Shorter median Kt: 0.41, taller median Kt: 0.36.

threshold for the instruments. The filtered 
data set is shown in Figure 9. Gaps in the 
data generally correspond to calm periods 
when the measured wave heights did 
not meet the height/period thresholds. 
Overall, wave heights were small at the 
site with a median offshore wave height 
of about 9 cm and median peak periods 
of approximately 2 sec. 

 Wave transmission coefficients were 
calculated for both the shorter and taller 
sections of the breakwater (Figure 10). 
The average coefficient across the shorter 
section was 0.41, while the average coef-
ficient for the taller section was found to 
be 0.36. This suggests that the difference 
in crest height does not have a significant 
impact on wave transmission for the 
data set as a whole. When the data set is 
reexamined however, focusing only on 
the events where the offshore wave height 
is greater than 15 cm, a different picture 

emerges. Wave transmission coefficients 
for only the large events are plotted in Fig-
ure 11. When only the largest wave events 
are considered, the differences between 
the tall and short sides of the breakwater 
are more pronounced. During large wave 
events, the median transmission coeffi-
cient increases to nearly 0.60 behind the 
shorter section, while behind the taller 
section, the transmission coefficient is 
roughly the same as it was for the full 
data set (0.35 vs. 0.36). This suggests that 
during larger events, the shorter section 
is overtopped and experiences significant 
wave transmission, while the taller sec-
tion is capable of limiting overtopping/
wave transmission. 

Shoreline response
Once the DEMs were developed for 

each survey, like the one seen for April 
in Figure 12, the DEMs were loaded to 
ArcGIS and the mean tide level elevation 
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Figure 11.  Observed transmission coefficients for offshore waves taller than 0.15 m. Shorter median Kt: 0.60, taller 
median Kt: 0.35.
of 0.0061 m NAVD 88 was tracked using 
the contour tool. Figure 13 shows that the 
mean tide level location does not change 
much from survey to survey, and there 
does not appear to be a noticeable differ-
ence in the salient apex location behind 
the breakwater with the offset in elevation 
(B) compared to the others. 

The mean tide contours were then used 
to measure the length of the salient and 
the distance offshore for each of the struc-
tures during each survey as described by 
Figure 5. The summary of these measure-
ments is displayed in Table 5. 

For a more robust dataset, the small 
salients formed before the nourishment 

(Figure 2) behind breakwaters A and B 
and lack thereof behind C and D were also 
measured along with their corresponding 
distances offshore. This meant the full 
Graveling Point salient dataset included 
five salient lengths and distances offshore 
for each breakwater to be compared to 
the Suh and Dalrymple (1987) empirical 
method. 

Figure 12. April 2023 Digital Elevation Model with Mean Tide Level outlined.
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Figure 13. Mean Tide Level elevation with star showing salient behind the breakwater with the offset in elevation. 2023 
surveys denoted by red (April), blue (May), yellow (November), and light blue (December).

DISCUSSION
Wave height reduction

The measured wave height reduction 
behind the breakwater was compared to 
empirical estimations of diffraction and 
transmission to determine which mecha-
nism was dominant. Of the two, only 
transmission is expected to be influenced 
by the difference in crest height. If diffrac-
tion was the only important mechanism, 
the two inshore sensors should have 
measured roughly the same wave height 
reduction assuming the waves were shore 
normal and the gauges were placed con-
sistently.

Diffraction
Diffraction diagrams appearing in the 

Shore Protection Manual (CERC 1984) 
were used to determine a diffraction co-
efficient (assuming shore normal waves) 
and ultimately a diffracted wave height 
for comparison to the measured data. At 
Graveling Point, wind waves make up the 

majority of the record. This correlates to 
a spreading value, Smax, of 10 (CERC 
1984). Since the median offshore peak 
period was 2 seconds, the deep-water 
wavelength would have been 6.2 m ac-
cording to linear wave theory. The median 
offshore depth at the gap was assumed 
to be the same as that measured at the 
offshore sensor which was 1.2 m. Using 
these values, the predicted diffraction 
coefficient at each inshore wave gauge was 
roughly 0.4. The diffraction predicted in-
shore wave heights are plotted against the 
measured inshore wave heights in Figure 
14. The measured and calculated data line 
up well (1:1 line in the figure) behind the 
taller portion of the breakwater with a 
mean error of 0.8 cm. However, behind 
the shorter section only the smaller 
predicted/calculated wave heights agree. 
When offshore wave heights were greater 
than 0.15 m, diffraction alone appears to 
underestimate the wave height behind 
the shorter breakwater segment with a 

mean error of 4 cm. Whereas, diffrac-
tion for the taller portion overpredicts 
the inshore wave height by a mean error 
of only 2 cm for the same data range. 
This difference in mean error compared 
to the offshore wave height range of 0.15 
m-0.3 m, represents an underprediction 
for the inshore wave height behind the 
shorter segment by 13%-27%, suggest-
ing that there is an additional source of 
wave energy contributing to the inshore 
wave heights. 

Transmission
The measured wave transmission was 

compared with two commonly used em-
pirical formulas. The focus was placed on 
the large wave events (offshore>0.15 m). 
Figure 15 shows the comparison between 
the measured transmission coefficient 
data and that predicted by Briganti et al. 
(2003). The Briganti et al. equation pre-
dicts limited transmission across both the 
shorter and taller sides of the structure 

Figure 14. Predicted wave height from diffraction vs observed wave height (m).



Shore & Beach    Vol. 92, No. 3    Summer 2024 Page 39

Table 5. 
Summary of GIS measurements of salient length and distance offshore. 
	 Salient length (m)	 Distance offshore (m)
Breakwater	 Average	 Range	 Average	 Range
A (east)	 3.7	 3.3-4.1	 32.0	 30.8-33.3
B	 3.7	 3.3-4.1	 33.2	 32.7-34.0
C	 2.5	 2.0-2.9	 34.7	 34.0-36.4
D (west)	 2.4	 1.7-3.0	 41.0	 39.8-43.7

and nearly always underpredicts the ob-
served transmission. When transmission 
is predicted to occur, the amount is simi-
lar for both the short and tall sections, 
with Kt values mostly ranging between 
0.1 and 0.3, while the observed values 
routinely exceed 0.5. Figure 16 shows 
the comparison between the measured 
transmission coefficient data and that 
predicted by Van der Meer and Dae-
men (1994). Overall, the Van der Meer 
and Daemen equation predicts slightly 
higher transmission coefficients than 
Briganti et al.; however, in most cases, 
the predicted values are still significantly 
less than those measured. The fact that 
two commonly used wave transmission 
formulas consistently underpredict the 
amount of wave transmission suggests 
other processes may be important. The 
observed data also aligns well with the 

empirically tested wave transmission pa-
rameter ranges with the exception of the 
relative freeboard using D50 for Van der 
Meer and Daemen (Table 6). The relative 
freeboard observed was in the range of 
0-1 instead of the empirically tested range 
of 1-6 since incident wave heights were 
small in comparison to the D50. 

 Combined diffraction and transmission
While diffraction alone was able to 

adequately represent the observed wave 

heights behind the taller section of 
the breakwater, neither diffraction nor 
transmission alone were able to predict 
the observed wave heights behind the 
shorter section. One potential explana-
tion is that during larger wave events, 
the wave height measured by the inshore 
gauge contains both transmitted and 
diffracted wave energy. To test this hy-
pothesis, the wave height predicted by 
diffraction was simply added to that pre-
dicted by the two transmission formulas 

Figure 15. Briganti et al. (2003) Kt predictions compared to observed Kt for offshore waves taller than 0.15 m.

Figure 16. Van der Meer and Daemen (1994) Kt predictions compared to observed Kt for offshore waves taller than 0.15 
m.
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Figure 17. Shorter Crest predicted inshore wave heights from diffraction and 
transmission vs. the observed inshore wave height for offshore waves taller 
than 0.15 m.

2 cm while Briganti et al. (2003) slightly 
underpredict the inshore wave height by 
a mean error of 2 cm. This is improved 
from an underestimated inshore wave 
height by a mean error of 4 cm.

In order to confirm these preliminary 
results, a longer study is recommended 
such that a wider range of wave condi-
tions can be observed. In particular, 
it would be interesting to identify the 
parameters critical for separating the 
diffraction-dominated, transmission-
dominated, and transmission/diffraction-
dominated regimes.

The wave observations are based on 
two simplifying assumptions. First, the dif-
fracted wave height is calculated assuming 
normally incident waves to the structure. 
This assumption is necessary due to the 
collection of non-directional wave data at 
the site. However, the influence of this as-
sumption is thought to be minimal for the 
larger wave events of interest as the direc-
tion of the maximum fetch is aligned ap-
proximately shore normal to the structures 
(Figure 1). The second assumption is the 
phase-averaged diffracted and transmitted 
wave heights are combined through super-
position. That is to say, the wave heights 
are combined without consideration for 
any phase effects. 

Given these assumptions, it is impos-
sible to assess which wave transmission 
equation better fits the observed data. 
Instead, the conclusion drawn is that 
small changes in crest freeboard can alter 
the relative importance of transmission 
and diffraction sources on the inshore 
wave height. The 10 cm difference in crest 
height between breakwaters is modest 
when compared to expected water level 
fluctuations associated with tides, storm 
surges and sea level rise suggest even 
modest levels of settlement may alter 
the relative contribution of transmitted 
wave height.

Shoreline response
Suh and Dalrymple (1987) developed 

an empirical equation to describe the 
influence of the non-dimensionalized 
breakwater geometry on shoreline re-
sponse (Equation 6). A non-dimensional 
parameter characterizing the breakwater 
geometry (Equation 7) and two fit coef-
ficients (C1 and C2) are used to predict the 
salient length (Xs). 

Xs = X*C1 (GX/L2) e (C2√{GX/L2})        (6)

GX/L2 				       (7)

Figure 18. Modified from Suh and Dalrymple (1987) to include Graveling Point 
data.

and compared to the measured values. 
The result is shown in Figure 17, where 
the data points collapse around a 1:1 line 
indicating good agreement when using 

either transmission prediction added to 
the total diffraction. Van der Meer and 
Daemen (1994) slightly overpredict the 
inshore wave height by a mean error of 
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Table 6. 
Comparing limitations of wave transmission formulas listed in Hassanpour et 
al. (2023) to range observed at Graveling Point (see Equation 4 and Equation 
5) ✓= observed data at Graveling Point within acceptable ranges, N/A= no 
observed data within accepted range, X= observed data outside acceptable 
range.
		  <= -2.5	 <= 0	 <= 2.5	 <= 5	 > 5
Briganti	 Rc/Hi	 N/A	 ✓	 ✓	 ✓	
Van der Meer and Daemen	 Rc/D50		  ✓	 ✓		
Briganti	 Sop			   ✓		
Van der Meer and Daemen	 Sop			   ✓		
Briganti	 B/Hi			   N/A	 ✓	 ✓
Van der Meer and Daemen	 Hi/D50			   X	 N/A	 N/A

Suh and Dalrymple fit the equation to 
field observations collected by others. The 
determined coefficients are presented in 
the second column of Table 7. In addi-
tion, Suh & Dalrymple conducted three 
laboratory tests with varied breakwater 
geometries to study the influence of 
gap length. Figure 18 depicts the non-
dimensionalized shoreline response as 
a function of the breakwater geometry 
(Equation 7) including the laboratory 
data collected by Suh & Dalrymple. There 
is relatively poor agreement between the 
laboratory data and the curve determined 
by Suh and Dalrymple (Figure 18). They 
noted the laboratory tests had similar 
slopes and Dean numbers to the field 
observations. The Dean number relates 
breaking wave height and period to sedi-
ment fall velocity which can be used to 
characterize the expected beach profile 
(Dean 1973). Therefore, they proposed 
the difference between the field data and 
laboratory response was likely due to 
varied wave climate. 

Interestingly, the laboratory data col-
lected by Suh and Dalrymple and the field 
observations from Graveling Point are 
relatively consistent. The median offshore 
peak period for Graveling Point was 2 sec 
whereas the laboratory models used a pe-
riod of 1.2 sec. The median offshore wave 
height for Graveling Point was also only 
about 9 cm whereas the laboratory models 
had a deepwater wave height of 3.51 cm 
and breaking wave height of 3.20 cm.

The Graveling Point data and Suh and 
Dalrymple laboratory data appear to have 
a consistent shape with the original curve, 
however with a vertical shift in the am-
plitude of the shoreline response (Figure 
19). It is hypothesized that this damped 
shoreline response is likely due to the 
lower wave energies of both the Graveling 
Point and laboratory data. 

To test the original expression to char-
acterize the low-energy sites, modified 
coefficients of the Suh and Dalrymple 
equation to fit the Graveling Point and 
laboratory data are proposed. Two cases 
are considered. Case 1 includes only the 
Graveling Point data whereas Case 2 in-
cludes both the Graveling Point data and 
laboratory data from Suh and Dalrymple. 
In both cases, the coefficients (C1 and 
C2) are determined by minimizing the 
root mean squared error (RMSE) with 
the constraint that the non-dimensional 
salient amplitude cannot exceed 1 (i.e., 

Table 7. 
Fit coefficients for original and modified Suh and Dalrymple (1987) equation.

	 Suh and 		  Graveling Point
	 Dalrymple 	 Graveling	 & Suh and
	 (1987)	 Point	 Dalrymple lab data
C1 (Power Term)	 14.8	 76.0	 29.4
C2 (Exponential Decay Term)	 -2.83	 -6.42	 -5.26
RMSE	 N/A	 0.014	 0.078

Figure 19. Adjusted coefficients of Suh and Dalrymple (1987) to better 
represent present study.
tombolo). The results are shown in Table 
7 and Figure 19. 

Both curves show relatively good 
agreement for the limited range of 
geometries present at Graveling Point. 
RMSE values range from roughly 8% 
to 2% (in non-dimensionalized salient 
amplitude). Due to the limited range 
of geometries, the robustness of the 
proposed coefficients is low. There is 

considerable variation in the predicted 
shoreline response between Case 1 and 
Case 2 for the geometries expected to 
have the greatest shoreline response (i.e., 
near 0.5). More observations are needed 
to predict when (or even if) a tombolo 
would form for sites with low-energy 
wave climates similar to Graveling Point. 
However, in the short term, it is suggested 
that application of the original equation 
be done with an understanding that the 
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shoreline response will likely be damped 
at low-energy sites.

CONCLUSIONS
The recently constructed living shore-

line project at Graveling Point presented 
a unique opportunity to study the impact 
of crest height on wave transmission and 
resulting shoreline evolution. One of the 
breakwaters has a noticeable 10 cm differ-
ence in crest height from one half to the 
other. The original hypothesis was that 
wave transmission would be noticeably 
higher across the shorter section and that 
the salient would be deflected towards 
the taller crest portion of the structure. 
Over a one-month period of wave ob-
servation, field measurements revealed 
only a small difference in measured 
transmission across the tall (Kt=0.36) 
and short (Kt=0.41) sides of the breakwa-
ter. However, during larger wave events 
(offshore>0.15 m) the difference is more 
significant (tall Kt= 0.35, short Kt=0.60). 
When comparing the measured transmis-
sion to two common empirical formulas, 
the formulas underpredict the amount of 
transmission suggesting another mecha-
nism for transferring energy to the lee 
side of the structure. The most obvious 
mechanism is wave diffraction through the 
gaps. Diffraction diagrams from the Shore 
Protection Manual (CERC 1984) were 
used to calculate diffracted wave heights 
at the inshore location. The diffracted 
wave heights match the observed wave 
heights well behind the higher crest por-
tion of the breakwater, but underpredict 
the wave height behind the shorter sec-
tion. This suggests that while diffraction 
is dominant behind the taller section of 
the breakwater, the wave heights behind 
the shorter section are likely due to the 
contribution of both the diffracted and the 
transmitted wave over the breakwater. To 
test this theory, the diffracted wave heights 
were added to those predicted by both the 
Briganti et al. (2003) and Van der Meer 
and Daemen (1994) wave transmission 
equations and compared to the observed 
wave heights. The resulting fit was im-
proved from an underestimated observed 
inshore wave height with a mean error of 
4 cm to an overprediction mean error of 2 
cm by Van der Meer and Daemen (1994) 
and an underprediction mean error of 2 
cm by Briganti et al. (2003). The reduced 
mean error suggests that the combination 
of diffracted and transmitted wave energy 
is responsible for the inshore wave heights 
behind the shorter breakwater segment. 

 While it is recognized that the data set 
collected represents only a small range of 
possible conditions at the site, the obser-
vations suggest that both wave transmis-
sion and diffraction play an important role 
in determining inshore wave heights. Spe-
cifically, as wave transmission is related 
to freeboard, the relative importance of 
transmission and diffraction will change 
with water level fluctuations associated 
with tides, storms, and sea level rise. 

The shoreline at Graveling Point re-
sponded near instantaneously. Salients 
were observed behind all four breakwa-
ters in a morphological dataset collected 
two weeks after completion of the beach 
nourishment. The observed salient am-
plitude was lower than predicted using 
the widely cited Suh and Dalrymple 
(1987) equation, but as offshore distance 
varied with each breakwater and over 
time, the salients generally followed the 
expected pattern of decreasing in length 
with increased offshore distance (Table 
5). It is thought this underprediction is 
related to the low-energy conditions at 
Graveling Point. The original expression 
generated by Suh and Dalrymple was 
refit using a combination of the Graveling 
Point field data and laboratory data from 
the original paper with wave conditions 
similar to those observed in the field at 
Graveling Point. 

The result is a set of coefficients for a 
low-energy version of the Suh and Dal-
rymple curve that provided reasonably 
good agreement (RMSE of 8%) over the 
limited range of non-dimensionalized 
breakwater configurations present at 
the site. This suggests the original non-
dimensional relationships relating break-
water length, gap and distance offshore 
as proposed by Suh and Dalrymple are 
efficient means to estimate salient am-
plitude with low-energy scaling effects 
captured by fit coefficients. In order to 
affirm the robustness of the new curve, 
additional field data needs to be collected 
at low-energy sites. However, in the short 
term, it is suggested that application of the 
original equation be done with an under-
standing that the shoreline response will 
likely be damped at low-energy sites.
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Florida is the top travel destination 
in the world, relying on tourism 
to drive its economy more than 

any other state” (Danirotondo 2018). If 
Florida were its own country, it would 
easily have the most tourist visits on the 
planet (Figure 1; WorldPopulationRe-
view 2023). A record 137.6 million tour-
ists from out of state visited Florida in 
2022 (Statista 2023a; VisitFlorida 2023). 
Senior citizens plan 35% more vacations 
in Florida than in almost any other state 
(AARP 2018).

Businessinsider (2019) and Turner 
(2022) cite tourism as Florida’s number 
one industry. Florida’s coastal counties, 
along with four tourist-oriented counties 
in the Orlando area, constitute less than 
half of the number of Florida’s counties, 
but they generate approximately 95% 
of Florida’s Gross Domestic Product 
(GDP) (Federal Reserve Economic Da-
tabase 2023; Rockport Analytics 2023). 
A connection between tourism and the 
economy is apparent. 

ABSTRACT
Florida is the world’s top travel destination and. if it were its 
own country, it would have more tourist visits than any other 
country. Its sandy beaches extend a shoreline length almost as 
great as the combined lengths of sandy beaches in California, 
Texas, and North Carolina. Florida’s beaches are easily America’s 
recreational playground. Every year, Florida beaches attract 
approximately 70% more day visits than combined attendance 
at national parks, college and professional sports, amusement 
parks, cruises, and NASCAR events. Beach tourism plays a 
huge role in Florida’s economy. Manufacturing and residential 
construction are major industries in Florida, but their revenues 
are each a fraction of beach-oriented tourist spending. Florida’s 
farmland, ranches, and forests cover 75% of its land area, but 
beach-oriented tourist spending is more than 10 times the total 
receipts of all Florida agriculture and forestry. Beach-oriented 
tourists generate $23.3 billion in tax revenues annually. These tax 
revenues are more than double the combined salaries of Florida 
K-12 public school teachers, law enforcement officers, and 
instructors at colleges and universities. Some Florida beaches 
have sand deficits because dams on rivers have blocked sand 
that normally would flow to the coast, and navigation projects 

have diverted sand out of the littoral system to ebb and flood 
shoals. Beach nourishment has then been needed to restore and 
maintain the beaches. Beaches widened by nourishment have 
not only been a magnet for tourists, but have also protected bil-
lions of dollars of shore infrastructure from hurricanes. Beach 
nourishment has been a bargain, with beach-oriented tourists 
in Florida generating six times more tax revenues each year than 
have been spent on Florida beach nourishment during the 80 
years from 1944-2023 (in 2022 dollars to account for inflation). 
Most Florida beach nourishment has been placed in the past 50 
years, and beach-oriented tourists have generated $310 dollars 
in tax revenues and $1070 in Gross Domestic Product (GDP) 
annually for every $1 spent on beach nourishment. Miami 
Beach is a good example of the economic benefits of beach 
nourishment. It had almost no beach in the mid-1970s because 
of erosion, causing tourism to drop rapidly and itself to become 
a “seedy backwater of debt-ridden hotels.” Beach nourishment 
starting in 1978 caused a boom in tourism, and today Miami 
Beach has the most valuable property in Florida — worth more 
than the value of all Florida cropland. Miami Beach has had a 
return of $550 in tourist-generated taxes and $3900 in GDP for 
every $1 spent on beach nourishment.

Tourism is the second-largest em-
ployer in Florida after health and social 
services, with more than 2.0 million jobs, 
including indirect and induced jobs that 
depend on tourism. This is about one out 
of every six private sector jobs (Rockport 
Analytics 2023). 

States and local communities often 
compete to attract manufacturing jobs, 
but these jobs have been in long-term 
decline, whereas tourism jobs have in-
creased rapidly. By June 2022, the number 
of Florida manufacturing jobs was about 
6% below the 2006 level of approximately 
430,000 jobs due to foreign competition 
and job losses during the severe 2008-
2009 recession (FloridaTaxWatch 2022). 

In contrast, tourism jobs increased by 
85% during the same period (FloridaTax-
Watch 2006; Rockport Analytics 2023). 
An MIT study predicted there will be a 
further loss in American manufacturing 
jobs because Artificial Intelligence (AI) 
will cause a loss of 2 million of the 13 
million manufacturing jobs in the U.S. by 
2025 (Forbes 2023; U.S. Bureau of Labor 
Statistics 2023).

AI is expected to eliminate 25% of all 
American jobs within a decade (Tech-
nology.org 2022). AI will undoubtedly 
eliminate some routine tourism jobs, but 
most tourism jobs cannot be automated. 
Houston (2024) noted that there can be 
intense competition between countries 
for tourists, but if a tourist wants to ex-
perience Venice Beach in Los Angeles or 
South Beach in Miami Beach, the tourist 
must go to Los Angeles or Miami Beach, 
stay in a hotel, eat at restaurants, and pay 
for entertainment.

The tourism industry is often cited 
as having low wages, but according to 
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Figure 1. The top five countries (if Florida were its own country) in numbers 
of tourists in 2019 before international travel was depressed by the 
coronavirus pandemic.

Figure 2. Comparison of average salaries in Florida tourism, construction, 
and manufacturing as a percentage of the average Florida teacher salary.

Ziprecruiter (2023a), average salaries 
of  tourism jobs in Florida in 2023 were 
only 3% less than the average salaries of 
Florida teachers and 6%-7% higher than 
average salaries in Florida construction 
and manufacturing (Figure 2; Zipre-
cruiter 2023b,c,d).

The average time of a vacation trip in 
America is 6.9 days (Statista Research 
Department 2014). Therefore, the 137.6 
million out-of-state tourists in 2022 took 
approximately 950 million vacation days 
in Florida. In addition, Florida residents 
spend most of their vacation time there. 
An analysis of hotel booking data showed 

that 9 out of 10 Orlando residents, 8 of 10 
Tallahassee and Jacksonville residents, 
and 7 of 10 Miami residents vacationed 
within Florida rather than outside 
(Abramson 2012). Florida’s population 
in 2022 was 22.2 million (Statista 2023b), 
and Americans take an average of 17.2 
days of vacation a year (U.S. Travel Or-
ganization 2018). Assuming on average 
that Florida residents take 17.2 days of 
vacation and that 80% of their vacations 
are in Florida, they spend approximately 
300 million vacation days in Florida. 
Including vacationing Florida residents 
increases the total number of vacation 
days spent in Florida annually from 950 

million to 1.25 billion, or an increase of 
approximately 32%. Out-of-state tourists 
spent $124.9 billion in Florida in 2022 
and added $121.5 billion to Florida’s 
GDP (Rockport Analytics 2023). As an 
estimate, Florida resident tourists spend 
in Florida about the same on vacation 
as out-of-state tourists (DaytonaBeach.
com 2023a). Therefore, Florida residents 
increase this spending by 32%, so that 
the combined total spending of in-state 
and out-of-state tourists vacationing in 
Florida was $165 billion in 2022 and they 
added $160 billion to Florida’s GDP. 

Tourism’s importance to the Florida 
economy has not always been fully appre-
ciated by some in the Florida Legislature. 
Despite tourism employing one out of six 
people in the private sector and tourists 
spending $165 billion annually, some in 
the legislature have attempted multiple 
times to eliminate the $50 million in the 
state’s budget allocated to VisitFlorida, the 
state’s tourism marketing agency (Florida 
TaxWatch 2017; Floridaleadsbudget.
com 2023; Miami Herald 2023). Yet, the 
Florida 2023/2024 budget includes $34.7 
million for citrus product marketing and 
an additional $35.7 million for “agricul-
ture products marketing” (Floridaleads-
budget.com 2023). Florida produces 70% 
of America’s citrus crop, but citrus crop 
receipts are only $0.9 billion annually, 
and receipts for all other crops, livestock, 
milk, poultry, eggs, pulpwood, and timber 
are $6.8 billion (Court et al. 2017; Florida 
Department of Agriculture and Con-
sumer Services 2023; U.S. Department of 
Agriculture 2012). Therefore, the annual 
value of all Florida agriculture is less than 
4.7% of tourist spending in Florida. 

Florida TaxWatch, an organization 
dedicated to spending tax revenues ef-
fectively, has vigorously defended the 
state’s support of VisitFlorida (Florida 
TaxWatch 2017; 2023). It performed a 
detailed analysis of the value of Florida 
tourism and concluded that: “TaxWatch 
research reveals that one of the ways to 
diversify the Florida economy, create 
jobs, improve the income of Floridians, 
and do it with existing infrastructure and 
the expansion of that infrastructure is 
to increase Florida tourism spending by 
attracting more visitors to Florida and 
having them stay longer and spend more” 
(Florida TaxWatch, 2017; 2018). 

Out-of-state tourists generate a re-
markable $35.2 billion in tax revenues in 
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Florida, with $18.9 billion going to the 
federal government, $8.2 billion to local 
governments, and $8.1 billion to the state 
(Rockport Analytics 2023). Without the 
state and local tax revenues generated by 
tourism, each Florida household would 
have to pay $1,840 in additional taxes 
to maintain the current level of govern-
ment services (Rockport Analytics 2023). 
Including Florida residents who are vaca-
tioning in Florida, tax revenues generated 
by tourists increase by 32% to a total of 
approximately $46.5 billion, with $25.0 
billion going to the federal government, 
$10.8 billion to local governments, and 
$10.7 billion to the state government.

VALUE OF BEACHES
Recreational

Florida has the greatest extent of 
sandy beaches of any state, with the 
Florida Department of Environmental 
Protection (FDEP) describing Florida as 
having 825 miles of sandy beaches (FDEP 
2023a; Rochakasafar 2023). However, 
the Environmental Protection Agency’s 
(EPA) report on beaches (EPA 2012) lists 
Florida’s sandy beach length as 909 miles, 
which rivals the combined total length of 
sandy beaches in California (370 miles), 
North Carolina (347 miles), and Texas 
(332 miles).

Florida’s beaches are famous for their 
beauty and popularity. For example, Dr. 
Beach (Professor Stephen Leatherman) 
once again named a Florida beach, St. 
George Island State Park Beach, as the 
best beach in America in 2023 (Figure 
3; DrBeach.com 2023). Dr. Beach has 
awarded his “America’s Best Beach” des-
ignation to Florida or Hawaiʻi (296 miles 
of beaches) for an amazing 28 of the past 
33 years (Houston 2013; DrBeach.com 
2023). Millions of people voted in the 
2023 Travelers’ Choice designation of the 
“Top 25 Beaches in the U.S.,” and Florida 
and Hawaiʻi each had eight of the top 25 
beaches (Bridges 2023).

Florida is America’s recreational play-
ground, having the most visited beaches 
in the U.S. The FDEP ‘conservatively’ esti-
mated that Florida residents made at least 
500 million beach visits in 2009 (Kavana-
gh et al. 2011). Houston (2024) used real 
tourism output in constant dollars from 
the U.S. Department of Commerce (2022) 
to determine tourism growth and showed 
that from 2009 to 2022, the number of 
beach visits by Florida residents increased 
from 500 million to approximately 740 

Figure 3. St. George Island State Park Beach, Florida, which was named the 
best beach in America in 2023 by Dr. Beach (Florida State Parks 2024).

million. This is more than the 300 million 
vacation days that Florida residents spend 
at the beach because it includes many 
day visits to beaches. These day visits by 
residents are not counted as vacation time 
because the residents do not spend nights 
at hotels or rental properties. Florida had 
112 million out-of-state tourists in 2017, 
with an estimated 370 million beach visits 
(Houston 2018a). Florida’s 137.6 million 
out-of-state tourists in 2022 will produce 
a proportional increase in the number 
of beach visits, from 370 million in 2017 
to 455 million in 2022 (VisitFlorida.org 
2023). Adding resident and out-of-state 
visits yields a total of approximately 1.2 
billion beach visits in 2022. California 
has the second-most visited beaches, 
with approximately 950 million visits 
(Houston 2024).

It is readily seen that beaches make 
Florida the recreational king of America 
by comparing its number of beach visits 
with national recreational attractions in 
2019 before the coronavirus pandemic 
reduced non-beach tourism. Numbers 
of non-beach tourists in 2022 were still 
below peak in numbers in 2019 before the 
pandemic (U.S. Travel Association 2023). 
There were 327 million day visits in 2019 
to 424 National Park Service properties 
(National Park Service 2020; National 
Park Foundation 2023). In 2019, all U.S. 
amusement parks, such as Disney World, 
Disneyland, Universal Studios, SeaWorld, 
Six Flags, and others, attracted 159 mil-

lion day visits (Themed Entertainment 
Association 2019). In 2019, the combined 
attendance at games of the National Foot-
ball League, Major League Baseball, and 
National Basketball Association was 107 
million (Baseball America 2023; ESPN 
2023; and Pro-football-reference.com 
2023). Men’s college football, basketball, 
and baseball had 84 million attendees 
in 2019 (National Football Foundation 
2023; NCAA 2019; WSN 2023). There 
were 13.8 million U.S. cruise line passen-
gers in 2019 (Statista.com 2022). About 
2.3 million people attend races of the 
National Association for Stock Car Auto 
Racing (NASCAR) (Motorracingsports.
com 2023). Combining these visits yields 
693 million visits. Therefore, the number 
of Florida beach visits annually is more 
than 70% greater than visits to all these 
attractions combined (Figure 4).

ECONOMIC
Beaches attract tourist dollars

A national Harris Poll found that 
“Beaches (74%) was the most favored 
type of place to go on vacation” (Plan-
sponsor.com 2019). Additionally, 66% 
of families plan a beach vacation in the 
next 12 months, making beaches by far 
the number one vacation destination for 
families (Minnaert, 2022).

Beaches also dominate vacations in 
Florida. “The #1 reason travelers come to 
the state of Florida is to visit the coastal 
communities and enjoy the award-
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Figure 4. Number of visits to Florida beaches versus attendance at other 
popular outdoor recreational activities.

Figure 5. A beach segment at the 18-mile-long Panama City Beach in 2021 
with condos and hotels in the background (photo courtesy M. Fender).
winning beaches” (Govinfo.gov 2017). A 
survey by the Florida Office of Economic 
and Demographic Research (FOEDR) 
showed that “… beaches are the most 
important feature of Florida’s brand and 
have the strongest effect in terms of at-
tracting tourists” (FOEDR 2015). FOEDR 
(2018) noted that “Beaches have always 
been Florida’s iconic brand.” A FOEDR 
(2018) survey of Florida destination 
and marketing organizations showed 
that “beaches” was the most popular 
answer to the survey question What 
makes Florida attractive to tourists? In 
second place was “Outdoor recreation” 
and in third “Federal and state parks.” 
Amusement parks ranked a distant sixth 

in the survey, and cruises did not garner 
enough survey responses to be ranked. 
A report by the FDEP concluded that 
“the primary resource-based recreation 
activity in Florida is visiting the beach” 
(Kavanagh et al. 2011).

Local surveys also show that beaches 
are the most popular Florida tourist at-
tractions. Brevard County bills itself as 
the “Space Coast” and has attractions 
such as the Kennedy Space Center and a 
cruise port that recently surpassed Miami 
as the world’s busiest (Pallone 2023). 
However, a survey of tourists in Brevard 
County showed that beaches were the 
greatest tourist attraction by “a wide 

margin,” with 83% citing beach activities 
as the number one attraction, almost 
double the level of any other attraction 
(Space Coast Office of Tourism 2018). 
Tourists visiting the Miami area identified 
beaches as the most liked feature, with 
77% visiting beaches (Miami Downtown 
Development Authority 2019).

It was stated earlier that out-of-state 
tourists spend 950 million days on vaca-
tion in Florida, and 455 million of these 
days are at the beach. This indicates that 
approximately 48% of out-of-state visi-
tors are beach-oriented. This percentage 
is consistent with estimates of 54% by 
Kavanagh et al. (2011) and 50% by Hous-
ton (2018b) of the out-of-state tourists 
who are beach-oriented. Kavanagh et al. 
(2011) also estimated that 57% of Florida 
resident tourists are beach-oriented. 
Therefore, approximately 170 million of 
the 300 million annual Florida resident 
vacation days are beach-oriented. Adding 
170 million to the 455 million out-of-state 
beach-oriented vacation days yields 625 
million beach-oriented vacation days. 
This is 50% of the total of 1.25 billion 
vacation days (950 million by out-of-state 
vacationers and 300 million by resident 
vacationers).  

Fifty percent may be an underestima-
tion because beaches are often an indirect 
reason people vacation in Florida. For 
example, in 2019, before the coronavirus 
pandemic, approximately 15% of visitors 
to Volusia County said that the reason 
they were there was to attend conven-
tions (Daytonabeach.com 2023b). The 
convention center in Volusia County is 
named the Ocean Center-Daytona Beach, 
and the Center, advertised as being  “just 
steps from the magnificent beaches and 
rolling surf,” lists eight nearby ocean-
front hotels in which attendees can stay 
(Daytonabeach.com 2023b). Without the 
beaches in Volusia County, some associa-
tions would likely choose a location other 
than the county for their conventions. 
Associations know that many attendees 
bring their families, and the availability 
of family recreation is important to at-
tract attendees. Based on Volusia County 
survey data, more than 90% of people 
visiting Volusia County go to the beach, 
regardless of their primary reason for 
vacationing there (Daytonabeach.com 
2023b; Houston 2024).

Recall from the “Recreation” section 
that beach-oriented tourists are those 
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who are on vacation, staying in condos 
and hotels and eating in restaurants. 
They are not those going to the beach for 
the day with a cooler and just renting an 
umbrella. This can be seen in Figure 5 of 
Panama City Beach. Panama City Beach 
has a resident population of 15,000, that 
swells with tourists to 100,000 during 
peak summer months (PanamaCity-
Beach.com, 2022). Its economy is com-
pletely dependent on beach tourists. The 
tourists at Panama City Beach in Figure 
5 are staying in the extensive condos and 
hotels seen in the photograph, eating in 
restaurants, and paying for local enter-
tainment. 

With half of all Florida tourists be-
ing beach-oriented, these tourists spend 
$82.5 billion of the $165 billion that 
tourists spend annually in Florida and 
contribute $80 billion to Florida’s GDP. 
The magnitude of spending by beach-
oriented tourists can be appreciated by 
comparing it with other Florida industry 
revenues. For example, Florida is ranked 
in the top 10 of states in manufacturing 
(Top10ERP 2023), and because of its 
recent growth, EnterpriseFlorida (2023) 
said: “The tourism industry isn’t the only 
thing driving Florida’s economic growth.” 
However, all manufacturing in Florida 
produces revenues of approximately $59 
billion, or 72% of beach-oriented tourist 
spending (National Association of Manu-
facturers 2022). Residential construction 
is a major industry in Florida and had 
revenues, including home remodeling, 
of $39.9 billion in 2022 (Statista 2023c). 
This is only 48% of beach-oriented tour-
ism spending. Approximately 75% of 
Florida’s land area is farmland, ranches, 
and forests (Farmland Information Cen-
ter, 2017), but as noted earlier, the total 
receipts of all crops (including citrus), 
livestock, animal, and wood products are 
only $7.7 billion. This is 9.3% of beach-
oriented tourist spending (Court et al. 
2017; Florida Department of Agriculture 
and Consumer Services 2023). Figure 6 
compares Florida beach-oriented tourist 
spending with revenues from manu-
facturing, residential construction, and 
crops/livestock/timber.

Beach-oriented tourists generate $23.3 
billion annually in tax revenues, which is 
about half of the $46.5 billion generated 
by all Florida tourists. These revenues are 
more than double the combined cost of 
$7.5 billion for salaries of all Florida K-12 
public school teachers (Ballotpedia 2023; 

Figure 6. Florida beach-oriented tourist vacation spending by out-of-state 
and resident tourists compared to revenues from Florida manufacturing, 
residential construction, and crops/livestock/timber.

Figure 7. Tax revenues generated by out-of-state and resident Florida 
beach-oriented tourists versus salary costs for Florida K-12 teachers, law 
enforcement officers, and college instructors.
Ziprecruiter 2023d), $2.2 billion for base 
salaries of all Florida law enforcement 
officers (Federal Bureau of Investigation 
2020; Indeed.com 2020), and $1.8 billion 
for salaries of the 17,600 instructors at 
Florida colleges and universities, including 
medical and nursing school faculties (Fig-
ure 7; Hodgson, 2023; Salary.com 2023).

Beaches attract residents 
Florida beaches not only attract tour-

ists, but they also attract residents who 
want to live near beaches, and these resi-

dents in turn attract economic develop-
ment. Life in Florida revolves around its 
beaches, with 39 of Florida’s beach towns 
judged as among the 100 best beach 
towns in the U.S. (Cox et al. 2023). Florida 
has 6 out of 10 of the best destinations in 
the U.S. to buy a house or condo, with 
Panama City, Navarre, and Destin being 
the top three and Cocoa Beach being 
ranked fifth (USA Today 2018).

Because of its sandy beaches, Florida 
has the greatest per capita income of 
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any southern state other than Virginia, 
which has a somewhat higher per capita 
income because of its Washington, DC, 
suburbs (U.S. Bureau of Economic De-
velopment 2023). Florida coastal coun-
ties generate 76% of Florida’s GDP. Four 
counties around the tourist attractions 
surrounding Orlando generate 12% of it, 
and the remaining counties (somewhat 
more than half of Florida’s 67 counties) 
generate 12% (Federal Reserve Economic 
Database 2023).

Florida’s warm weather is sometimes 
considered its main attraction. However, 
Hendry and Lee counties are adjacent 
counties in southwest Florida. They share 
the same basic weather, but Hendry is 
not on the ocean, whereas Lee has ocean 
beaches. Lee County is far more prosper-
ous, contributing more than 45 times 
as much to the Florida GDP as Hendry 
County (Federal Reserve Economic Da-
tabase 2023). Lee County also has a per 
capita income that is 60% greater than 
that of Hendry (U.S. Bureau of Economic 
Development, 2023). 

Perhaps a community just being on 
the ocean produces Florida’s prosperity. 
Manatee County on Florida’s southwest 
coast has a 12-mile-long sandy coast and 
a GDP that is 5.6 times the combined 
GDP of the five counties that lack beaches 
along their 120 miles of southwest Florida 
coast stretching from Wakulla to Levy 
counties (Absalonsen and Dean 2010; 

Figure 8. Wave and flooding damage at Panama City Beach caused by 
“marginal” Category 3 Hurricane Opal that contrasts with no wave or flooding 
damage at the same location caused by Category 5 Hurricane Michael 
(Leadon et al. 1998).

Federal Research Economic Database 
2022). Manatee County has more than 
55 times the GDP per mile of coast than 
the other five counties that lack sandy 
beaches. In addition, Manatee County has 
a per capita income 40% greater than the 
average of the other five counties.  Sandy 
ocean beaches are clearly what attract 
residents, private sector development, 
and prosperity.

Beaches provide infrastructure 
storm protection

Wide beaches have proven to be highly 
effective in significantly reducing storm 
damage to upland structures. Dean (2001) 
noted that “a wide beach during storm-
induced elevated water levels and high 
waves provides a very effective energy 
absorber. Basically, the wave energy is 
dissipated on and absorbed by the wide 
beach rather than on upland structures.” 
He cited Shows (1978), who quantified 
the benefit of wide beaches by analyzing 
the damage caused by Hurricane Eloise 
to 540 upland structures when it struck 
the Florida coast in 1975. The National 
Research Council (1995) noted that “a 
wide beach is effective in dissipating 
wave energy… The destructive force of 
storm waves thus falls on the beach rather 
than on upland structures.” Further, the 
Council noted that “beach nourishment 
creates a ‘soft’ (i.e., nonpermanent) struc-
ture by adding sand to make a larger sand 
reservoir, which pushes the shoreline 
seaward.” The National Research Council 

(2014) considered beach nourishment to 
be a “nature based coastal risk reduction” 
strategy that is “designed and engineered 
to mimic natural features for the purpose 
of attenuating storm surge.” 

Although there has been little fund-
ing to document storm damage reduc-
tion produced by wide beaches, some 
documentation is available for beaches 
widened by beach nourishment projects. 
For example, the U.S. Army Corps of 
Engineers (USACE) showed that beach 
nourishment projects in New Jersey 
and New York prevented $1.3 billion in 
damages during Hurricane Sandy (US-
ACE 2016). Beach nourishment projects 
at Ocean City, Maryland, which were 
started in the early 1990s, have prevented 
$927 million in damages (Delmarvanow.
com 2017). Florida Atlantic University 
studied damage during the 2004 and 2005 
hurricane seasons in Florida and showed 
that nourished beaches prevented a loss 
of $1.8 billion in property values (Welch 
and Brockbank 2016).

Panama City Beach is a good example 
of how beach nourishment protects in-
frastructure from storm damage. It had 
relatively narrow beaches when it was 
hit in 1995 by Hurricane Opal, which 
came ashore 80 miles from Panama 
City Beach and was categorized as a 
‘marginal” Category 3 storm (Mayfield 
1995). According to FDEP (2019), Opal 
caused massive “damage to 471 buildings 
and numerous seawalls along Panama 
City Beach.” (Figure 8). In 1998-1999, a 
beach nourishment project was initiated 
at Panama City Beach. USACE estimated 
that had this project been in place prior to 
Hurricane Opal, it would have prevented 
70% of the damage (Leadon et al. 1998). 
Additional sand was placed in 2006, 
2011, and 2017. Houston (2023) showed 
that most of the beach nourishment sand 
was in place when Hurricane Michael, 
a Category 5 hurricane, came ashore in 
2018 less than 20 miles from Panama City 
(FDEP 2019; Janssen et al. 2019). FDEP 
(2019) noted that the beach nourishment 
“protected all beach fronting develop-
ment and infrastructure along Panama 
City Beach.” There was wind damage but 
no coastal structure damage due to waves 
and flooding. Spurgeon (2022) noted that 
‘‘nourishment that has taken place in the 
past at Panama City Beach has built it 
into a robust and resilient system that 
responds to adverse events better than 
ever before.” 
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Beach nourishment not only protected 
Panama City Beach from infrastructure 
damage during Hurricane Michael, but 
it also turned Panama City Beach into a 
tourist haven. As noted earlier, Panama 
City Beach is completely dependent on 
tourism, with the resident population of 
15,000 swelling with tourists to 100,000 
during peak summer months (PanamaCi-
tyBeach.com, 2022). Just four months 
after Michael, Panama City Beach was 
named by TripAdvisor in a poll of mil-
lions of travelers as the 3rd best beach 
in America out of 352 beaches (MyPan-
handle.com 2019). In 2021, Newsweek 
reported that Panama City Beach tied 
Huntington Beach, CA, as the most 
popular beach in America in terms of the 
number of visitors (Fish 2021)  

VALUE OF  
BEACH NOURISHMENT

Return on investment
Florida beaches experience erosion 

that, at times, threatens to reduce tourism 
and the storm protection that they pro-
vide. Beach nourishment is then needed 
to restore and maintain the beaches. The 
flow of sand to the coast has long been 
stopped by dams on rivers that trap sand. 
It is estimated that the 91,720 U.S. dams 
have trapped approximately 500 billion 
yd3 of sediment that normally would have 
flowed to coasts, including the Florida 
coast (Dempsey 2022; Houston 2024). 
Navigation projects in Florida have cut 12 
inlet entrances and modified 41 other in-
lets for navigation by building jetties and 
dredging the inlets (Houston 2022). These 
modified inlets caused sand to build up in 
ebb and flood shoals. The littoral system 
on the Florida east coast alone has lost 
approximately 225 million yd3 of sand 
to shoals, and a further 60 million yd3 
of sand was dredged and placed offshore 
beyond the littoral zone (Houston 2022). 
The State of Florida has recognized these 
impacts, and most Florida inlets now 
have inlet management plans to bypass 
sand around inlets to restore the natural 
flow of sand along the coast (FDEP 2022).

There is a significant impetus to 
maintain Florida beaches through beach 
nourishment because nourishment has a 
tremendous return on investment (ROI). 
It is illustrative to compare the annual tax 
revenues of $23.3 billion generated by 
Florida beach-oriented tourists with the 
funding that governments receiving the 
revenues have spent on beach nourish-
ment in Florida. A total of $2.3 billion 

has been estimated to have been spent to 
nourish Florida beaches during the 80 
years from 1944-2023, or $3.9 billion in 
2022 dollars when accounting for infla-
tion (Western Carolina University 2024). 
There are differences in beach nourish-
ment databases, with the American Shore 
and Beach Preservation Association 
(ASBPA) estimating that $1.9 billion was 
spent from 1935 to 2022 (ASBPA 2024). 
Using the $3.9 billion expenditure, the 
tax revenues of $23.3 billion generated 
annually by beach-oriented tourists are 
six times greater, in 2022 dollars, than 
beach nourishment expenditures for 
the 80 years from 1944-2023 (Figure 9). 
Most beach nourishment spending, $3.7 
billion of the $3.9 billion, occurred over 
the 50-year period from 1974 through 
2023 (West Carolina University 2024). 
This is less than $75 million annually in 
2022 dollars and is overstated because 
it includes the cost of bypassing sand 
around Florida inlets to offset the impact 
that navigation projects have had on 
natural longshore sand movement (Hous-
ton 2022). Sand bypassing is not beach 
nourishment because it does not add new 
sand to the littoral system; instead it helps 
restore the natural longshore sand move-
ment that was interrupted by humankind. 
Even so, using $75 million as the annual 
nourishment cost in 2022 dollars, $23.3 
billion as the annual taxes generated by 
beach-oriented tourists, and $80 billion 

Figure 9. Annual tax revenues in 2022 dollars generated by Florida beach-
oriented tourists versus spending on Florida beach nourishment from 1944-
2023.

as beach-oriented tourists’  contribution 
to Florida’s GDP, beach-oriented tour-
ists have generated $310 annually in tax 
revenues and $1070 in GDP for every $1 
spent on beach nourishment. 

Beach nourishment can dramati-
cally enhance economic development 
in a community. For example, by the 
mid-1970s, the beach at Miami Beach 
was almost gone due to erosion. As a 
result, tourism spending dropped, and 
hotels became run down. By 1977, Time 
magazine (1977) reported that at Miami 
Beach: “So rapidly has the seven-mile-
long island degenerated that it can be 
fairly described as a seedy backwater of 
debt-ridden hotels.” Then newly elected 
Miami Beach Mayor Neisen Kasdin said 
in 1977: “Business was so bad in Miami 
Beach, I was happy just to see prostitutes.” 
(LaFerla 2009). Famous hotels filed for 
bankruptcy (Jacobvitz 2015). 

Beach nourishment from 1978-1983 
rejuvenated Miami Beach. In just the first 
year after nourishment, tourism spend-
ing increased by $290 million, which 
was more than five times the $51 million 
initial cost of the beach nourishment 
(Wiegel 1992; Klein and Osleeb 2010). 

Today, Miami Beach is cited as the 
top-rated beach in the U.S. (Murray 
2022). The total beach nourishment cost 
for the 46 years from 1978 through 2023 
has been approximately $130 million in 
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actual dollars, or $240 million in 2022 
dollars, to include the effects of inflation 
(FDEP 2023b; West Carolina Univer-
sity 2024). Spreading the cost over the 
46-year period, the average annual cost 
is approximately $5.2 million in 2022 
dollars. Tourists generated $6.5 billion 
in tax revenues in Miami-Dade County 
in 2022, with Miami Beach accounting 
for about 45% of tax revenues, or $2.9 
billion (Greater Miami and Beach 2022; 
Rockport Analytics 2023). Therefore, for 
every $1 spent annually on nourishment, 
Miami Beach tourists generate more than 
$550 annually just in tax revenues. Miami 
Beach also had a GDP of $20.2 billion in 
its fiscal year 2022/2023 (DeLisa 2023). 
This is about $3900 in GDP for every $1 
of beach nourishment spending. Beach 
nourishment helped transform Miami 
Beach from a “seedy backwater of debt-
ridden hotels” to the most valuable prop-
erty of any of the 992 active ZIP codes in 
Florida, with an estimated value of $29.2 
billion (Bergstrom Applied Research 
2023). The value of real estate at Miami 
Beach is approximately 30% greater 
than the value of all cropland in Florida 
(Farmland Information Center 2017; U.S. 
Department of Agriculture 2022). 

Inadequate funding  
for beach nourishment

Florida beach nourishment is un-
derfunded, despite the critical role that 
beach tourism plays in Florida’s economy. 
In 2017 after several years of effort, the 
Florida Shore and Beach Preservation 
Association (FSBPA) succeeded in ob-
taining an annual state contribution of 
$50 million for Florida beach nourish-
ment (FSBPA 2020). However, inflation 
from 2017-2024 would require about $64 
million in 2024 to equal the purchasing 
power of $50 million in 2017 (U.S. Census 
Bureau 2024). As a result, in some years 
there is insufficient funding for beach 
nourishment projects that are ready to 
begin, and this is causing a backup in 
projects (Florida Shore and Beach Pres-
ervation Association 2022). The Florida 
Governor’s 2023-2024 budget had a 
special extra appropriation for beach 
nourishment due to 16 counties being 
impacted by either Hurricane Ian or 
Hurricane Nicole, but $50 million is the 

normal appropriation for beach nourish-
ment (Flgov.com, 2023).

It is illustrative to compare the annual 
appropriation for Florida beach nourish-
ment with other tax expenditures. Florida 
spent $990 million of its tax revenues on 
Florida seaports during the three years 
from 2019 through 2021, or $330 million 
a year (Florida Department of Transpor-
tation 2021). Seaports received an ap-
propriation of $150.5 million in Florida’s 
2023-2024 budget (Floridaleadsbudget 
2023). Yet, although Florida is the leading 
tourist beach destination in the U.S. and 
the world, not a single Florida seaport 
ranks in the top 10 of U.S. seaports in car-
go tonnage or value (International Trade 
Administration 2019). More imports than 
exports come through Florida seaports, 
and in 2022 this resulted in a trade deficit 
of $44 billion (EnterpriseFlorida 2023). 
The leading import that year was cars, 
and China and Mexico were the leading 
countries importing their products via 
Florida ports. 

Imports of manufactured goods have 
adversely impacted manufacturing jobs 
in Florida and the U.S. for decades. As 
noted earlier, Florida had fewer manu-
facturing jobs in 2022 than in 2006. 
Expanding Florida seaports allows larger 
ships to use them, thereby reducing the 
costs foreign countries pay to import their 
goods into the U.S. Foreign countries 
receive the benefits, and so they, rather 
than Florida taxpayers, should pay for 
seaport expansions. In contrast to the 
deficit produced by Florida seaports, in 
2019, before the coronavirus pandemic 
affected international travel, Florida tour-
ism brought in $17.3 billion in foreign 
tourism spending, and Florida tourists 
spent about $13 billion abroad, yielding 
a trade surplus of $4.3 billion (Rockport 
Analytics 2020; U.S. Travel Organization 
2020).

Florida parks received $300 million in 
appropriations for the three years from 
Florida’s 2021/22 budget through its 
2023/2024 budget, or $100 million a year 
(Florida State Parks Foundation 2023a). 
In addition, the Florida State Parks Foun-
dation (2023b) stated that $186 million 
was needed for “full funding” in the 

2023/2024 budget, so Florida parks may 
well be underfunded. Florida State Parks 
have about 32 million visitors a year and 
produce 55,000 jobs directly or indirectly 
(Florida State Parks Foundation 2023c). 
About 38 times more people visit Florida 
beaches than its parks, and beach tour-
ism supports 18 times more jobs than 
park tourism. At a funding level of $186 
million, Florida would spend about 140 
times more per park visitor than it would 
spend per beach visitor. 

CONCLUSIONS
Florida is the top travel destination 

in the world, and surveys show that its 
beaches are its leading attraction. Florida 
beaches are easily America’s recreational 
playground, with more annual day visits 
to beaches than day visits to major U.S. 
recreational  centers.  The recreational at-
traction of Florida beaches has resulted in 
beach tourism playing a key role in Flor-
ida’s economy. Florida beach-oriented 
tourist spending is greater than revenues 
generated by major Florida industries and 
more than 10 times the total receipts of all 
Florida agricultural and forestry activity. 
Beach-oriented tourists generate $23.3 
billion in tax revenues for federal, state, 
and local governments. These annual 
tax revenues are six times greater than 
what has been spent on Florida beach 
nourishment during the 80 years from 
1944-2023 in 2022 dollars. Beach nour-
ishment has also widened beaches and 
prevented billions of dollars in damage 
to coastal communities. There is a tre-
mendous return on investment in Florida 
beach nourishment, with beach-oriented 
tourists over the past 50 years generating 
$310 dollars in tax revenues to federal, 
state, and local governments annually 
for every $1 these governmental bodies 
spent on beach nourishment. The com-
munity of Miami Beach illustrates how 
beaches become too narrow during peri-
ods of economic stress and how they are 
restored by nourishment projects when 
the economy is strong.. Beach nourish-
ment is very underfunded as compared 
to state expenditures on ports and parks, 
and the funding for it that has been fixed 
since 2017 needs to be increased at least 
to compensate for inflation. 
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The American Shore and Beach 
Preservation Association (ASB-
PA), established in 1926, is dedi-

cated to preserving and enhancing coastal 
areas through the integration of science 
and public policy. The organization advo-
cates for healthy, sustainable, and resilient 
coastal systems, emphasizing the impor-
tance of federal Coastal Storm Risk Man-
agement (CSRM) projects. The ASBPA 
Coastal Summit 2024, themed Shaping 
Coastal Futures: Implementing Science-
Based Resilience Policies, convened 111 
coastal practitioners in Washington, DC. 
The Summit aims to address pressing 
challenges and advocate for science-based 
policies to ensure the sustainability and 
resilience of coastal systems.

The Coastal Summit recognizes the 
connection between science and coastal 
policies. It aims to translate scientific 
knowledge into actionable policies, driv-
ing meaningful change through effective 
communication and collaboration among 
scientists, policymakers, and stakehold-
ers. ASBPA’s Coastal Summit facilitates 
dialogue, catalyzes action, and provides 
a platform to exchange ideas, share best 
practices, and forge partnerships essential 
for advancing coastal resilience at the 
national level. The Coastal Summit offers 
diverse panels addressing key coastal re-
silience issues, emphasizes state represen-
tation on Capitol Hill, and features well-
organized discussions, advocacy sessions, 
and high-level agency participation. The 
intimate atmosphere fosters networking 
and collaboration among participants.

AGENDA
The first day of the ASBPA Coastal 

Summit 2024 was filled with informative 
sessions and presentations. Highlights 
included updates on infrastructure 
implementation, insights into work-
ing in Washington, discussions about 
the Reinvesting in America’s Shoreline 
Economies & Ecosystems (RISEE) Act, 
and the ASBPA 2023 Best Restored Beach 
Award Presentations. On the second day 
of the Coastal Summit, we discussed en-
vironmental justice and coastal manage-

SUMMARY:

ASBPA Coastal Summit 2024 
By

The ASBPA Government Affairs Committee

ment, including strategies for addressing 
environmental justice concerns and for 
nurturing collaborative efforts among or-
ganizations. We also heard about NOAA’s 
investments in building climate-ready 
coasts and communities. The day ended 
with advocacy efforts and a Coastal Cel-
ebration event on Capitol Hill. The Sum-
mit’s final day  included panel discussions 
on national needs for living shorelines 
and nature-based restoration projects, as 
well as need for strategic realignment for 
shore and beach preservation. Details on 
each topic are provided below.

We would like to extend a special 
thank you to the invaluable “Friends” 
of the Coastal Summit whose support 
and collaboration greatly contributed to 
the success of this event: Coastal States 
Organization, SHORES Coalition, The 
Pew Charitable Trusts, Restore America’s 
Estuaries, CPRA Louisiana, National 
Waterways Conference, Association of 
State Floodplain Managers, American 
Society of Civil Engineers, National Wild-
life Federation, the National Estuarine 
Research Reserves Association, North 
Carolina Coastal Federation, Coastal 
Zone Foundation, Mote Marine Labs, and 
The Nature Conservancy.

SCIENCE-BASED PANEL TOPICS
Our science-based policy panels and 

discussions sparked conversations about 
nature-based solutions and strategic 
realignment for coastal resilience. We 
highlighted the national need for living 
shorelines and nature-based restoration 
projects and emphasized the importance 
of large-scale restoration. The panel fo-
cused on adaptive management, habitat 
trade-offs, and collaboration success. 
Overall, the theme was to advocate for 

large-scale restoration, prioritize eco-
logical restoration, and build adaptable 
projects for the future.

The “strategic realignment” panel 
discussion was focused on generating 
thought on visionary coastal policy for 
shore and beach protection. The panel 
discussed a variety of coastal manage-
ment options in the realignment toolbox 
including elevating structures in place, 
local and state land management poli-
cies, relocation, and moving away from 
the beachfront. Examples of strategic 
realignment proposals were provided at 
the state and federal levels, highlighting 
the challenges with implementing such 
actions. The importance of determining 
the cost vs. benefits of relocation strate-
gies in specific coastal communities 
was discussed. This approach could be 
helpful where beach nourishment alone 
may be difficult to implement, due to 
sand resources and high local erosion 
rates.To continue these conversations, 
ASBPA’s Science and Technology Com-
mittee is working collaboratively with 
the Government Affairs Committee to 
ensure the state-of-the-science is com-
municated effectively to be incorporated 
into science-based policy.

AGENCY EXCHANGES
Agency exchanges are meetings or-

ganized by ASBPA between Summit 
attendees and federal agency representa-
tives. These virtual meetings serve as a 
two-way information exchange, with a 
particular emphasis on how ASBPA can 
assist agencies in fulfilling the agencies’ 
missions. We used these agency exchange 
meetings to improve communication, 
cultivate partnerships, and coordinate 
efforts with participating agencies. 

NOAA — National Oceanic  
and Atmospheric Administration
NOAA’s efforts in measuring, mod-

eling, and predicting environmental 
change are crucial, along with effective 
communication and on-the-ground ac-
tions. Recent legislative acts such as the 
Bipartisan Infrastructure Law (BIL) and 
the Inflation Reduction Act (IRA) allo-
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cated more than $4 billion specifically for 
coastal resilience, marking a significant 
shift in Administration priorities. This 
explicit mention of coastal resilience is 
meaningful, as it emphasizes NOAA’s 
responsibility for habitat restoration ef-
forts, including living shorelines, marsh 
creation, and coral restoration. These 
efforts must offer multiple benefits and 
prioritize under-served communities. 
While passing legislation and allocating 
funds is important, the process involves 
several stages, and ASBPA plays a vital 
role in navigating complexities to en-
sure effective implementation. NOAA 
acknowledged ASBPA’s ongoing efforts 
to enhance and strengthen coastal re-
silience.

BOEM — Bureau of Ocean  
Energy Management 

During our meeting with BOEM, we 
discussed current and future research 
investments. Its Mid-Atlantic Data Ac-
quisition project assesses data availability 
from New York to Virginia. BOEM is also 
evaluating resources on the Gulf Coast, 
focusing on risk mitigation and borrow 
area optimization. In Texas, the agency is 
collecting more than 2,200 miles’ worth 
of geophysical data to support future 
project needs, estimated at more than 
200 million cubic yards of sand over five 
years. Research in upper Texas supports 
offshore sand interests, coastal resilience, 
restoration efforts, and protection. BO-
EM’s goal is to create an easily accessible 
sediment-mapping tool for decision-
makers. Finally, it considers supply and 
demand work in Alaska and Hawaiʻi 
based on need, typically conducting 
evaluations first. ASBPA could enhance 
communication on offshore sand sup-
ply and demand, encouraging increased 
investment by BOEM in sand searches, 
particularly along the West Coast.

USACE — U.S. Army  
Corps of Engineers

During our exchange with USACE, 
the first topics touched upon were the 
beneficial use of dredged material and 
regional sediment management. In re-

sponse to the Water Resources Develop-
ment Act of 2022 (WRDA 2022) Section 
8130 — Beneficial use of dredged mate-
rial; management plans. — the Corps 
is developing a strategic plan for the 
beneficial use of dredged materials and 
a coastal resilience report, both of which 
involve interdisciplinary work. It has 
also recently published a report on the 
challenges of beneficial use and strate-
gies to address these challenges, such 
as a beneficial use leadership team and 
working group. USACE is examining the 
use of natural and nature-based features 
to quantify benefits and consider how 
to incorporate them effectively. ASBPA 
members discussed another challenging 
topic for coastal residents in Florida: the 
USACE legal position on easements for 
Coastal Storm Damage Reduction proj-
ects. Collaborations are under way to find 
a compromise so that available funding 
can be implemented to construct the 
shore protection projects. 

FEMA — Federal Emergency 
Management Agency

During the discussion, Summit at-
tendees explored potential collaborations 
with a focus on FEMA’s post-disaster 
beach mitigation program. FEMA rep-
resentatives suggested that a clear meth-
odology such as depth of closure to 
establish standardized project boundaries 
for storm damage assessment would be 
beneficial. We reviewed FEMA eligibil-
ity for beach nourishment projects, as 
these depend on erosion and damage 
assessment. ASBPA commended FEMA 
for simplifying complex scientific infor-
mation in its beach program summary, 
which is crucial for the coastal science-
policy interface.

OUTCOMES
With a maxed-out venue capacity, 

the 2024 Coastal Summit made ASBPA 
history, highlighting its value as an im-
portant event for amplifying the unified 
voice of coastal communities on Capitol 
Hill. Following a magnificent peak bloom 
of the cherry blossom trees, the Coastal 
Summit brought 111 stakeholders from 

diverse backgrounds to Washington, DC, 
to address pressing challenges facing U.S. 
coasts. Summit participants advocated 
for the implementation of science-based 
policies to promote sustainability and 
resilience in coastal systems. 

Following the Summit, we have been 
leveraging partnerships with coastal 
organizations to begin planning for the 
2025 Summit. ASBPA also submitted its 
public comment on the USACE Agency 
Specific Procedures to Implement the 
Principles, Requirements, and Guide-
lines (PR&G) for Federal Investments 
in Water Resources. Here is an excerpt 
from the section on Nature-Based Solu-
tions (NBS):

ASBPA emphasizes the importance of 
NBS in mitigating floods and storm 
damage along the coast. While beach 
nourishment is well-established, other 
NBS like oyster reefs and native veg-
etation are still emerging. We support 
USACE discretion to include these in 
projects and urge partnership with 
industry for development and test-
ing. Clear objectives, monitoring, and 
adaptability are crucial.

Policy barriers hinder NBS implemen-
tation, with conflicting regulations at 
state and federal levels. For example, 
New Jersey’s one-acre restoration limit 
would require permits every other day 
for 30 years to restore lost wetlands. 
ASBPA suggests USACE lead discus-
sions with state and federal agencies 
to revise regulations hindering coastal 
resilience. Compromises on habitat 
trade-offs and utilizing dredged sedi-
ment for wetland maintenance are key.

Consistent monitoring and evaluation 
with clear metrics for success and fail-
ure are recommended, along with ac-
knowledging and modeling adaptation 
pathways for NBS as they may function 
differently in the future. Options for 
modifying existing designs should be 
considered.

For a list of ASBPA’s legislative priori-
ties, go to asbpa.org/get-involved/policy/.
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The Intergovernmental Panel on 
Climate Change (IPCC) is a 
multi-country organization of 

the United Nations formed in 1988 to 
assess science related to climate change 
(IPCC 2024). In March 2023, the IPCC 
published its Sixth Assessment Report 
(AR6), its sixth assessment of climate 
change since its first in 1990 (IPCC 2023). 
IPCC (2023) and its supporting reports 
total almost 8,000 pages (Boehm and 
Schumer 2023). Hundreds of scientists 
from around the world worked to develop 
the IPCC reports, and thousands of sci-
entists peer-reviewed the reports (Boehm 
and Schumer 2023; Houston 2022). 

A chapter of AR6 deals with the physi-
cal basis for climate change and includes 
sea level rise projections (Fox-Kemper 
et al. 2021). These projections were sup-
ported by updated projections of the con-
tributions to sea level rise from Antarctica 
(Oppenheimer 2019) and Greenland (The 
IMBIE Team 2020). IPCC (2023) presents 
the final projections. Updated IPCC pro-
jections are not expected until its seventh 
assessment in 2029-2030. I will report on 
the sea level projections in AR6, and on 
an online tool that provides sea level rise 
projections for the world as a whole and 
at individual tide gauge locations around 
the world.

The IPCC bases its projections on 
climate response to five scenarios that 
cover the range of possible future anthro-
pogenic drivers of climate change. “These 
scenarios combine socio-economic as-
sumptions, levels of climate mitigation, 
land use, and air pollution controls for 
aerosols” (Climate Neutral Group 2021). 
IPCC then determines levels of green-
house gases (largely carbon dioxide) and 
temperatures to 2050 and 2100 using 
complex calculations that depend on 
how quickly humans curb greenhouse gas 
emissions. It estimates sea level rise using 

COASTAL FORUM:

The latest sea level rise projections of 
the Intergovernmental Panel on Climate Change

By

James R. Houston
Director Emeritus, U.S. Army Engineer Research and Development Center,

3909 Halls Ferry Road, Vicksburg, MS 39180
james.r.houston@usace.army.mil

projected temperatures. Scenarios based 
on IPCC (2023) are summarized below.

Scenario SSP1-1.9 results in a tem-
perature increase of 1.5° Celsius (°C) by 
2100, under the assumption that green-
house emissions are cut significantly to 
reach net zero by 2050 and move to net-
negative emissions as the world switches 
to more sustainable practices. This is the 
only scenario that meets the Paris Agree-
ment’s goal of keeping global warming 
to around 1.5°C above preindustrial 
temperatures.

Scenario SSP1-2.6 results in a tem-
perature increase of 1.8 °C by 2100, with 
global greenhouse gas emissions cut 
significantly but not as fast as Scenario 
SSP1-1.9, reaching net zero in 2070 and 
then continuing with some level of net-
negative emissions. 

Scenario SSP2-4.5 is based on world 
policies presently in place and results in 
a temperature increase of 2.7 °C by 2100, 
with greenhouse gas emissions at about 
current levels before starting to fall mid-
century but not quite reaching net zero 
by 2100. 

Scenario SSP3-7.0 results in a tem-
perature increase of 3.0 °C by 2100, with 
greenhouse gas emissions doubling from 
current levels by 2100.

Scenario SSP5-8.5 results in a tem-
perature increase of 4.4 °C by 2100, with 
greenhouse gas emissions doubling from 
current levels by about 2050 and continu-
ing to increase. The scenario assumes 
there will be minimal technological 
advancements to reduce greenhouse gas 
emissions (Riahi et al. 2011).

I also designate an 8.5+ scenario. IPCC 
(2023) does not designate it as a scenario, 
but says that, based on DeConto and 
Pollard (2016) and Bamber et al. (2019), 
if SSPS-8.5 were to occur, there is a 

“low-likelihood” that icesheet instability 
processes that are not expected but “can-
not be ruled out” could cause a rise larger 
than SSP5-8.5. Houston (2022) provided 
references that criticized DeConto and 
Pollard (2016) and Bamber et al. (2019).

Scenario SSP5-8.5 has been criticized 
as an unrealistic scenario because tech-
nological advances in renewable energy 
have been moving rapidly. The Interna-
tional Energy Agency (IEA) noted that 
world renewable energy capacity grew 
by 50% just in 2023, with solar energy 
accounting for three-quarters of the in-
crease (IEA 2024a). China added more 
solar power generation in 2023 than did 
the entire world, including China, in 2022 
(IEA 2024a). SSP5-8.5 also assumes a 
huge increase in coal burning, with seven 
times more coal burned in 2100 than in 
2013 (Riahi et al. 2011). However, coal 
usage is projected to drop by 40% from 
2030 to 2050, and continue to drop until 
2100 (IEA 2024b). In the U.S., renewable 
energy has dominated the addition of new 
power generation, with 82% of new power 
coming from renewables, 4% from nucle-
ar, and 14% from natural gas (IEA 2024b). 
Fossil fuels have dominated power plant 
closures, with 63% of closures being coal 
plants, 36% being natural gas, and 2% 
being petroleum (IEA 2024b). 

An article in Scientific American said 
that the RCP 8.5, a different name for 
SSP5-8.5, might be “so extreme that it’s no 
longer a likely outcome.” (Harvey 2020). 
Ritchie and Dowlatabadi (2017) conclud-
ed that RCP 8.5, with its “vast future coal 
combustion, is exceptionally unlikely.” 
Further, Richie and Dowlatabadi (2017) 
said: “Therefore, RCP 8.5 should not be 
a priority for future scientific research 
or a benchmark for policy studies.” The 
IPCC noted that the “likelihood of high 
emission scenarios such as RCP8.5 or 
SSP5-8.5 is considered low in light of 
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recent developments in the energy sector” 
(Fox-Kemper et al. 2021).

The National Aeronautics and Space 
Administration (NASA) hosts AR6 global 
and regional sea level projections online 
(NASA 2024a) using a tool developed by 
Garner et al. (2021). The tool provides 
an IPCC sea level rise median projection 
with a standard deviation uncertainty 
range for each IPCC scenario and for 8.5+ 
from 2020-2150 for the world as a whole 
and at all tide locations. In addition, the 
online tool provides the contributions 
made to relative sea level rise at each 
tide gauge location from the expansion 
of sea water due to warming, glaciers, 
Greenland, Antarctica, land water storage 
(dams), and local vertical land motion.

Figure 1 shows projected median sea 
level rises in meters (m) from 2020-2100 
for each IPCC scenario and for 8.5+. 
Each of the median rises has a standard 
deviation uncertainty range around it, as 
shown in Table 1.

Some local and state governments have 
recommended or required those planning 
or building coastal projects to evaluate 
the projects using sea level projections 
much larger than IPCC projections. For 
example, the Southeast Florida Regional 
Climate Change Compact (SFRCCC) is 
a partnership of Palm Beach, Broward, 
Miami-Dade, and Monroe counties in 
Florida. It used projections from a Na-
tional Oceanographic and Atmospheric 
Administration (NOAA) report (Sweet 
et al. 2017) to produce guidance on pro-
jected sea level rise. The SFRCCC (2019) 
recommended that a median sea level rise 
of 0.83 m by 2100 be used for “non-crit-
ical, low-risk projects with short design 
lives (<50 years).” From Table 1, a 0.83 m 
rise is greater than the median SSP5-8.5 
rise. Therefore, the Compact is recom-
mending an “exceptionally unlikely” rise 
be used for non-critical, low-risk projects. 
It says that all other projects with design 
lives that end before 2070 can use sea 
level rises of 0.83 to 1.9 m by 2100, and 
high-risk projects can use a rise of 2.6 
m by 2100. Rises of 1.9 m and 2.6 m are 
much greater than a standard deviation 
above the median rise for 8.5+ (NASA 
2024a). Similarly, Rhode Island (Rhode 
Island Department of State 2021) requires 
that all coastal projects, regardless of how 
non-critical and low-risk they may be, use 
the latest NOAA high projection for 2100 
of 2 m (Sweet et al. 2022). Again, a 2-m 

Table 1. 
IPCC (2023) projections of median 
sea level rises by 2100 and their 
standard deviation ranges in meters 
relative to a baseline of 1995-2014. 
	 Median	 Standard 
Scenario	 rise 	 deviation range
SSP1-1.9	 0.38	 0.28-0.55
SSP1-2.6	 0.44	 0.32-0.62
SSP2-4.5	 0.56	 0.44-0.76
SSP3-7.0	 0.68	 0.55-0.90
SSP5-8.5	 0.77	 0.63-1.01
8.5+	 0.88	 0.65-1.60

rise is more than a standard deviation 
above the median rise for 8.5+ and has 
virtually no chance of occurring. Sea level 
rises that are extraordinarily unlikely to 
occur should not be recommended or re-
quired to be used to evaluate non-critical, 
low-risk projects.

Since 1993, an international-spon-
sored mission has used altimeters housed 
in satellites orbiting the earth to record 
worldwide sea level rise every 10 days. A 

study from 1996-2016 showed excellent 
agreement between tide gauge recordings 
of sea level rise throughout the world and 
the altimeter recordings (NASA 2018). 
Figure 2 shows the rise in worldwide sea 
level from 15 January 1993, to 16 Janu-
ary 2024 (NASA 2024b) in millimeters 
(mm). The rise over this 31-year period 
has been about 0.1 m, putting Table 1 in 
perspective. This is an average rise of 3.3 
mm/year. 

The U.S. government was the driving 
force behind forming the IPCC, with 
the goal of producing climate reports 
that had the firm backing of all leading 
climate scientists worldwide (Weart 
2011). Hundreds of the world’s leading 
climate scientists have now made the 
latest scientifically-based climate and 
sea level rise projections that were peer 
reviewed by thousands of scientists. U.S. 
agencies and local governments should 
rally around the authoritative IPCC sea 
level rise projections and take action to 
address sea level rise.

Figure 2. Sea level rise measured by altimeters 1993-2024 (NASA 2024b).

Figure 1. Median sea level rises from 2020-2100 for each IPCC scenario and 
8.5+ based on data from NASA (2024a).
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Figure 1. Project map of the Atlantic Coast of New Jersey Sandy Hook to Barnegat Inlet Beach Erosion Control 
Project (graphics courtesy USACE).

How a sighting of the federally threatened seabeach amaranth has resulted 
in increased erosion protection along the New Jersey coast
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Figure 2. American oystercatcher 
chick (courtesy Amy S. Greene, Env. 
Consultant).

Figure 3. Dag Madara holding the 
once-endangered bald eagle in the 
late 2000s, while working for the 
North Jersey District Water Supply 
Commission (courtesy Dag Madara). 
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How a sighting of the federally threatened seabeach 
amaranth has resulted in increased erosion protection  

along the New Jersey coast
By 
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Public Affairs Specialist, U.S. Army Corps of Engineers, New York District 
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Back in 2000, Dag Madara, a geog-
rapher with the U.S. Army Corps 
of Engineers, New York District, 

was walking on Monmouth Beach, New 
Jersey, the location of the agency’s At-
lantic Coast of New Jersey, Sandy Hook 
to Barnegat Inlet Beach Erosion Control 
Project (Figure 1). He was monitoring 
the federally threatened bird — the pip-
ing plover (Charadrius melodus), as one 
of several environmental conservation 
measures performed by the agency on 
all coastal restoration projects to ensure 
wildlife is not harmed. 

While doing this, he spotted what 
looked like spinach sprouting out of 
the sand by his foot. What Madara had 
inadvertently discovered was a federally 
threatened coastal plant called the sea-
beach amaranth (Amaranthus pumilus) 
(Figure 8). It hadn’t been seen in the 
region since 1913. “My colleagues taught 
me how to search for and identify vari-
ous endangered wildlife in the area, but 
I wasn’t expecting to find this!” Madara 
said.

Since his discovery, the plant’s popu-
lation has grown tremendously in the 
region. This is attributed to the success 
of this project and its environmental con-
servation measures, which collectively 
help to protect endangered wildlife that 
play a vital role in coastal resiliency and 
ecosystem health.

The seabeach amaranth does its part. 
Its branches grow low along the ground, 
holding the sand in place, which strength-
ens beaches from erosion caused by 
coastal storms that have become stronger 
and more frequent due to sea level rise. 
This annual flowering plant has red stems 
and thick, waxy, greenish-red leaves 
somewhat reminiscent of spinach.

The plant is native to the beaches 
along the Atlantic coast of the United 

Figure 4. Loggerhead sea turtle 
(courtesy Marco Giuliano, 
Fondazione Cetacea).

States — from South Carolina north to 
Massachusetts. However, over the years, 
the species has vanished in most of these 
states, including the State of New Jersey. 

Its population decline has been attrib-
uted to several factors, including coastal 
development, vehicular and foot traffic on 
the beach, competition with other plant 
species, beach stabilization projects with-
out best management practices, sea-level 
rise, and natural disasters such as tropical 
storms, and nor’easters that can inundate 
or wash away plants from beaches before 
they can set seeds. 

The plant’s return in this region of New 
Jersey is being attributed to the successful 
Atlantic Coast of New Jersey, Sandy Hook 
to Barnegat Inlet Beach Erosion Control 
Project that began in 1994. 

Since the plant is protected under 
the Federal Endangered Species Act, the 
Army Corps is working on this project in 
cooperation with its non-federal sponsor 
— the New Jersey Department of Envi-
ronmental Protection — and with the 
U.S. Fish and Wildlife Service (USFWS). 

The project, which encompasses 21 
miles of the Monmouth County, New 
Jersey, shoreline that extends from the 
Township of Sea Bright down the shore 
to the Manasquan Inlet, has increased the 
size of the habitat for the plant, as well as 
performed environmental conservation 
measures to protect it. 

The highly populated stretch of coast 
has experienced extensive erosion or sand 
loss, due to old hard structures including 
a seawall, and frequent storms including, 
most recently, Superstorm Sandy, in 2012. 

An eroded coast puts the shoreline 
community at risk for flooding from 
storms, so the Army Corps has been both 
replenishing the eroded sand and increas-
ing the size of the beach to help protect 
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Figure 5. Kemp’s ridley sea turtle 
(courtesy EPA).

Figure 6. Routine onboard sea turtle observer operations (courtesy ERDC).

Figure 7. Sand being dredged and pumped onto the beach during the Atlantic 
Coast of New Jersey Sandy Hook to Barnegat Inlet Beach Erosion Control 
Project (courtesy New Jersey Spotlight News).

Figure 8. The seabeach amaranth discovered by Dag Madara, geographer 
with the New York District, U.S. Army Corps of Engineers, on 31 July 2000, on 
Monmouth Beach, New Jersey (courtesy Mark Burlas, USACE).

the community. An enlarged beach acts 
as a buffer, protecting the structures and 
infrastructure behind the beach from the 
storm surges and flood damages. 

To replenish the lost sand and increase 
the height and width of the beach berm, 
sand was dredged from the ocean and 
pumped onto the shore and distributed 
around. A berm is the flat area of the 
beach between the landward shore and 
the ocean where beach goers typically 
sunbathe (Figure 7). 

In 2012, 18 miles of the 21-mile project 
was completed. It was at this time that 
Superstorm Sandy devastated the region, 
removing 5 million cubic yards of sand 
from the shore — enough sand to fill New 
Jersey’s MetLife Stadium.

The following year, the Army Corps 
received funding from the Hurricane 
Sandy Disaster Relief Appropriation 
Act of 2013 (referred to as the “Sandy 
Bill”) to not only replenish the sand this 
project lost during Sandy, but to restore 
it to its original design profile. With this 
funding, the Army Corps replenished 8 
million cubic yards of sand to 18 miles of 
the project and completed the remaining 
3 miles. Since then, the agency has been 
performing periodic sand replenishment 
to ensure the beach provides continued 
protection from storms and hurricanes.

“This continued renourishment will 
help protect local communities, prevent 
damages from hurricanes and nor’easters, 
and benefit the economy,” said Jason Shea, 
project manager, New York District, U.S. 
Army Corps of Engineers, who is talk-
ing about the world’s biggest beach-fill 
project in terms of sand volume. 

The project also included the notch-
ing of several existing groins. These are 
structures that extend into the water per-
pendicularly from the shore and prevent 
beach erosion by both interrupting water 
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flow and limiting the movement of sand. 
Notching the groins helps to facilitate 
the movement of the sand and water. In 
addition, 10 existing storm water outfall 
pipe extensions were lengthened. These 
pipes carry storm water from the land 
to the ocean. 

Recently, the Army Corps started a 
study to reassess the project and to see 
if additional measures can be taken to 
make the beach even stronger and more 
resilient.

On this project, as well as with all 
Army Corps coastal restoration projects, 
the agency performs environmental 
conservation measures to protect and 
minimize impacts to rare, threatened, 
and endangered species that play an 
important role in coastal resiliency and 
ecosystem health.

Measures on this project are helping to 
protect not just the seabeach amaranth, 
but also migratory birds, including the 
piping plover (Charadrius melodus, 
Figure 10), the state-endangered least 
tern (Sterna antillarum, Figure 9), and 
the state-Special Concern Species, the 
American oystercatcher (Haematopus 
palliatus, Figure 2). 

Offshore measures are being used to 
help protect marine species that include 
the loggerhead sea turtle (Caretta caretta, 
Figure 4), the Kemp’s ridley sea turtle 
(Lepidochelys kempii, Figure 5), the green 
sea turtle (Chelonia mydas), the leather-
back sea turtle (Dermochelys coriacea), 
the Atlantic sturgeon (Acipenser oxyrin-
chus oxyrinchus), the North Atlantic right 
whale (Eubalaena glacialis), and the fin 
whale (Balaenoptera physalus).

Environmental conservation mea-
sures used to help protect these species 
include monitoring, public education, 
adhering to environmental windows, and 
constructing symbolic (post and string) 
beach fencing.

Figure 9. Least tern (courtesy 
USFWS).

Figure 10. Piping plover (courtesy 
USFWS).

Monitoring
If Madara hadn’t been monitoring the 

beach in 2000, the seabeach amaranth 
wouldn’t have been discovered.

Surveying a beach to identify rare, 
threatened, and endangered wildlife is 
one of several tasks monitors perform. In 
the beginning of a project, they create a 
monitoring plan in cooperation with the 
project team, and during the project they 
monitor and document wildlife behavior, 
movement, and potential threats on and 
near the project site.

Besides spotting this plant, monitors 
on this project have also observed the 
return of the American oystercatcher.

Monitoring also occurs offshore. This 
project has a successful sea turtle moni-
toring program whereby trained, certified 
monitors accompany the project team on 
hopper dredges to make sure endangered 
sea turtles, as well as whales, dolphins, 
and seals, are not harmed during the 
offshore sand dredging and placement 
process. This is done with the help of 
turtle excluder devices that are placed at 
the drag head of the dredge to prevent 
turtles and other wildlife from being en-
trained in the hopper dredges (Figure 6). 

Public education
Using beach signs to educate the 

public on ways that can avoid and mini-
mize potential impacts to wildlife and 
ecological communities on the project 
site is good for the plants and animals 
(Figure 11). 

It’s also good for the project. For 
example, an educated beach visitor may 
be more tolerant of any inconveniences, 
such as temporary beach closings, that 
are associated with protected beach areas. 

A tolerant on-site crew is also desir-
able, which can also be done through 
education. Several years ago, when the 
project was experiencing the successful 

return of the American oystercatcher, a 
monitor at the time associated this in 
part to an educated crew. Educating the 
crew members sparked their interest in 
the bird, which helped to contribute to 
the bird’s return to the area. The crew 
purchased binoculars and bird books and 
made notes about their bird observations 
that they provided to the monitors.

Adhere to environmental windows
Environmental windows are months 

out of the year where construction on a 
project is halted to protect endangered 
species. For example, on this project, 
sand is not placed on the shore between 
15 March and 15 August because this is 
the time of the year that the piping plover 
nests on the shore. During this time, sand 
placement may still occur only in por-
tions of the project where piping plovers 
were determined not to be nesting.

Symbolic (post and string) 
 beach fencing

Placing symbolic (post and string) 
beach fencing on a beach delineates areas 
used by wildlife and alerts the public to 
the presence of a protected area. 

According to Katherine Pijanowski, 
a biologist with the New York District, 
U.S. Army Corps of Engineers: “In the 
case with plants, placing fencing around 
protected species also prevents the project 
crew from inadvertently running over or 
burying it. If the project is unable to avoid 
impacting the species, the Army Corps 
works with the USFWS to either move the 
plant, stockpile the seedbank, or [take] 
other recommended action.”

Fencing can provide multiple benefits, 
adds Peter Weppler, Chief of the Environ-
mental Analysis Branch, Planning Divi-
sion, New York District, U.S. Army Corps 
of Engineers. He said: “For example, 
when you fence off an area for breeding 
migratory birds, this also provides a pro-
tected habitat for seabeach amaranth and 
other rare coastal plants they co-habitat 
with. It’s a win-win for multiple species.”

According to the USFWS, fencing can 
create successful results. For example, 
fencing installed on a beach in Long 
Beach Township, New Jersey, resulted in 
a 300% increase in the seabeach amaranth 
plant whose natural binding properties 
make the coast more erosion resistant 
to storms. This shows how people and 
wildlife that make the coast their home, 
truly do rely on each other for survival.
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Figure 11. A sign that was placed on New Jersey beaches to educate the public about the endangered seabeach 
amaranth, the agencies working to protect it, and why the beach may have access restrictions (courtesy USACE).

Prior to building up the beach, there 
was barely a habitat for plants and other 
wildlife to thrive. Pijanowski said build-
ing the beaches back has provided ample 
space and opportunities for plants to 
grow, and for birds to rest, forage, and 
nest.

A larger beach also draws more people 
to the shore. To balance the needs of 
the public, tourists, local communities, 
and imperiled species, the Army Corps 
funded the development of beach man-
agement plans.

So that other coastal restoration proj-
ects can experience the same success as 
this project, Pijanowski suggests that 
biologists and engineers work together 
to integrate their expertise in vegetation, 
wildlife, geomorphology, and coastal en-

gineering to design a project that restores 
coastal processes and provides habitats 
for listed species. 

She also said that before construction 
work begins, a baseline survey should 
be carried out to note the species pres-
ent and she suggests that dredging pipes 
and equipment be placed in minimally 
invasive locations.

Last, she said, throughout the duration 
of the project, monitor the beach for new 
plant and wildlife growth, and provide a 
weekly presence or absence assessment 
of the species.

Madara’s discovery demonstrates the 
important role environmental conserva-
tion measures play in coastal restoration 
projects. Continued use of these measures 
and a successful coastal restoration proj-

ect helped the plant to flourish again so 
that it can perform its natural abilities 
that contribute to coastal resiliency and 
ecosystem health.

If Madara took a walk on the beach 
today, he would be sure to find the plant 
again by his feet, its branches firmly grip-
ping the sand, strengthening the coast 
from today’s stronger and more frequent 
storms caused by sea level rise. 

For more information about the sea-
beach amaranth, visit the U.S. Fish and 
Wildlife Service website at: https://www.
fws.gov/species/seabeach-amaranth-
amaranthus-pumilus.

NOTE: This article has appeared, in 
slightly different form and with a different 
title, on the website of the U.S. Army Corps 
of Engineers, New York District.
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of this threatened plant in an area where 
it had last been seen in 1913, the sea-
beach amaranth has been re-established 
through much of the U.S. Army Corps of 
Engineer’s Sandy Hook to Barnegat Inlet 
Beach Erosion Control Project. Beach 
and nearshore monitoring, continued 
nourishment, public education, and other 
measures are helping the seabeach ama-
ranth to continue re-establishing natu-
rally in this area, and thus the USACE’s 
measures are directly contributing to both 
coastal resiliency and ecosystem health.

One of the main coastal concerns 
these days is resilience. It’s a term that 
was rarely used 15 years ago and is now 
an expression used weekly, if not daily. 
Resilience was one of the touchstone 
issues of the ASBPA Coastal Summit, 
with its goal to facilitate “dialogue, cata-
lyze action, and [provide] a platform to 
exchange ideas, share best practices, and 
forge partnerships essential for advanc-
ing coastal resilience at the national 
level.” The many ASBPA members who 
attended the Summit earlier this year 
enjoyed diverse panels, well-organized 
discussions, advocacy sessions, and high-
level agency participation that aimed 
to translate scientific knowledge into 
actionable policies and drive meaningful 
change through effective communication 
and collaboration among scientists, poli-
cymakers, and stakeholders. The Summit 
is an annual event that focuses on the 

policy side of coastal management, and 
folks with a policy bent find it stimulating 
and energizing.

Sea level rise, like coastal resilience, 
has increased in prominence for coastal 
planning and design over the last 15 to 
20 years, and over the years Jim Houston 
has been following many of the efforts to 
anticipate future changes in sea level. In 
his “Coastal Forum” piece, he covers the 
latest projections from the Intergovern-
mental Panel on Climate Change (IPCC), 
explains the emission assumptions used 
in the various scenarios with which the 
projections are associated, and compares 
the IPCC projections with some sea level 
amounts used by regulatory agencies for 
resilience planning and design.

Most S&B articles focus on reporting 
research results or lessons learned from 
projects, or on coastal management 
policy. The interview with Julie Rosati 
introduces us to one of the people behind 
the research and project work. Julie is 
a second-generation “coastie,” growing 
up in a home where folks such as M.P. 
O’Brien, Rich Weggel, Tony Dalrymple, 
Jim Houston, and Paul Komar would 
regularly visit and work with her father, 
Robert Dean. With all these many influ-
ences, it’s no wonder her career includes 
field work, modeling, and time in the lab; 
interest in inlets, sediment management, 
oceanography, coastal engineering, and  
intense storms; and river/beach dynam-

ics. Rosati has a deep awareness of the 
complexity of most coastal areas and the 
value of multidisciplinary approaches to 
address coastal projects.

Rosati started her career with the 
Corps of Engineers as a co-op student, 
and is still there almost 40 years later. 
She is proud of being a public servant and 
the public is fortunate to have someone 
working on behalf of our nation’s coasts 
who is as committed to public service as 
Julie. She approaches projects with strong 
technical and analytical skills, bolstered 
by a big dose of common sense — the 
same common sense that informs Rosati’s 
advice to a young person thinking about 
going into a coastal discipline: “Take 
every opportunity to listen, learn, see, 
experience, and understand the underly-
ing issues facing coastal communities.” 
It sounds obvious, but too often we skip 
over some of these steps and go to a fa-
vorite model or design template.

You’ll need to read her interview to 
learn about her favorite beaches, S&B ar-
ticles, and types of beach material. But her 
favorite coastal career benefit is no secret: 
getting paid to go to the beach. Perhaps 
she could apply her common sense to the 
beach traffic–work travel conflict. When 
Rosati looks at the traffic, I expect she 
sees lots of people on their way to beach 
recreation, and she also observes a small 
boost to the coastal economy in every car. 
I also bet she enjoys the slow ride.
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