CCsp4.1 January 15, 2009
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Projections
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While the factors that influence changes in shoreline position in response to sea-level rise
are well known, it has been difficult to incorporate this understanding into quantitative
approaches that can be used to assess land loss over long time periods (e.g., 50 to 100
years). The validity of some of the more common approaches discussed in this Appendix
has been a source of debate in the scientific community (see Section 3.1). This Appendix
reviews some basic approaches that have been applied to evaluate the potential for

shoreline changes over these time scales.

The Bruun Model. One of the most widely known models developed for predicting
shoreline change driven by sea-level rise on sandy coasts was formulated by Bruun
(1962, 1988). This model is often referred to as the ‘Bruun rule’ and considers the two-
dimensional shoreline response (vertical and horizontal) to a rise in sea level. A
fundamental assumption of this model is that over time the cross-shore shape of the
beach, or beach profile, assumes an equilibrium shape that translates upward and
landward as sea level rises. Four additional assumptions of this model are that:

1. The upper beach is eroded due to landward translation of the profile.
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2. The material eroded from the upper beach is transported offshore and deposited
such that the volume eroded from the upper beach equals the volume deposited
seaward of the shoreline.

3. The rise in the nearshore seabed as a result of deposition is equal to the rise in sea
level, maintaining a constant water depth.

4. Gradients in longshore transport are negligible.

Mathematically, the model is depicted as:

'S (A2.1)

where R is the horizontal retreat of the shore, h« is the depth of closure or depth where
sediment exchange between the shore face and inner shelf is assumed to be minimal, B is
the height of the berm, L+ is the length of the beach profile to h+, and S is the vertical rise
in sea level (Figure A2.1). This relationship can also be evaluated based on the slope of
the shore face, ©, as:

1
tan ®

R S (A2.2)

For most sites, it has been found that general values of ® and R are approximately 0.01 to

0.02 and 50*S to 100*S, respectively (Wright, 1995; Komar, 1998; Zhang, 1998).

A few studies have been conducted to verify the Bruun Model (Schwartz, 1967; Hands,
1980; also reviewed in SCOR, 1991; Komar, 1998; and Dean and Dalrymple, 2002). In
other cases, some researchers have advocated that there are several uncertainties with this
approach, which limit its use in real-world applications (Thieler et al., 2000; Cooper and

Pilkey, 2004, also reviewed in Dubois, 2002). Field evaluations have also shown that the
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assumption of profile equilibrium can be difficult to meet (Riggs et al., 1995; List et al.,
1997). Moreover, the Bruun relationship neglects the contribution of longshore transport,
which is a primary mechanism of sediment transport in the beach environment (Thieler et
al., 2000) and there have been relatively few attempts to incorporate longshore transport

rates into this approach (Everts, 1985).

A number of investigators have expanded upon the Bruun rule or developed other models
that simulate sea-level rise driven shoreline changes. Dean and Maurmeyer (1983)
adapted and modified the Bruun rule to apply to barrier islands (e.g., the Generalized
Bruun Rule). Cowell et al. (1992) developed the Shoreline Translation Model (STM),
which incorporated several parameters that characterize the influence of the geological
framework into sea-level rise driven shoreline change for barrier islands. Stolper et al.
(2005) developed a rules-based geomorphic shoreline change model (GEOMBEST) that
simulates barrier island evolution in response to sea-level rise. While these models can
achieve results consistent with the current understanding of sea-level rise driven changes
to barrier island systems, there is still need for more research and testing against both the
geologic record and present-day observations to advance scientific understanding and

inform management.
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Figure A2.1 Tllustration showing the Bruun Model and the basic dimensions of the shore that are used as
model inputs.

Historical Trend Extrapolation. Another commonly used approach to evaluate potential
shoreline change in the future relies on the calculation of shoreline change rates based on
changes in shoreline position over time. In this approach, a series of shorelines from
different time periods are assembled from maps for a particular area. In most cases, these
shorelines are derived from either National Ocean Service T-sheets, aerial photographs,
from Global Positioning System (GPS) surveys, or lidar surveys (Shalowitz, 1964;
Leatherman, 1983; Dolan et al., 1991; Anders and Byrnes, 1991; Stockdon et al., 2002).
The historical shorelines are then used to estimate rates of change over the time period

covered by the different shorelines (Figure A2.2). Several statistical methods are used to
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calculate the shoreline change rates with the most commonly used being end-point rate
calculations or linear regression (Dolan et al., 1991; Crowell et al., 1997). The shoreline
change rates can then be used to extrapolate future changes in the shoreline by
multiplying the observed rate of change by a specific amount of time, typically in terms
of years (Leatherman, 1990; Crowell et al., 1997). More specific assumptions can be
incorporated that include other factors such as the rate of sea-level rise or geological

characteristics of an area (Leatherman, 1990; Komar et al., 1999).

Because past shoreline positions are readily available from maps that have been produced
over time, the extrapolation of historical trends to predict future shoreline position has
been applied widely for coastal management and planning (Crowell and Leatherman,
1999). In particular, this method is used to estimate building setbacks (Fenster, 2005).
Despite this, relatively few studies have incorporated shoreline change rates into long-
term shoreline change predictions to evaluate sea-level rise impacts, particularly for cases

involving accelerated rates of sea-level rise (Kana et al., 1984; Leatherman, 1984).

Historical trend analysis has evolved over the last few decades based on earlier efforts to
investigate shoreline change (described in Crowell et al., 2005). Since the early 1980s,
computer based Geographical Information System (GIS) software has been developed to
digitally catalog shoreline data and facilitate the quantification of shoreline change rates
(May et al., 1982; Leatherman, 1983; Thieler et al., 2005). At the same time, thorough
review and critique of the procedures that are employed to make these estimates have

been conducted (Dolan et al., 1991; Crowell et al., 1991, 1993, 1997; Douglas et al.,
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1998; Douglas and Crowell, 2000; Honeycutt et al., 2001; Fenster et al., 2001; Ruggiero

et al., 2003; Moore et al., 2006; Genz et al., 2007).

Recently, a national scale assessment of shoreline changes that have occurred over the
last century has been carried out by the U.S. Geological Survey (Gulf Coast: Morton et
al., 2004; southeastern U.S. coast: Morton and Miller, 2005; California coast: Hapke et
al., 2006). In addition, efforts are ongoing to complete similar analyses for the

northeastern, mid-Atlantic, Pacific Northwest, and Alaskan coasts.
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Figure A2.2 Aerial photograph of Fire Island, New York showing former shoreline positions and how
these positions are used to calculate long-term shoreline change rates using linear regression. The inset box
shows the shoreline positions at several points in time over the last 170 years. From the change in position
with time, an average rate of retreat can be calculated. This is noted by the slope of the line, m. The red line
in the inset box indicates the best fit line while the dashed lines specify the 95 percent confidence interval
for this fit. Photo source: State of New York GIS.
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The Sediment Budget. Another approach to shoreline change assessment involves
evaluating the sediment mass balance, or sediment budget, for a given portion of the
coast (Bowen and Inman, 1966; Komar, 1996; List, 2005; Rosati, 2005), as shown in
Figure A2.3. Using this method, the gains and losses of sediment to a portion of the
shore, often referred to as a control volume, are quantified and evaluated based on
estimates of beach volume change. Changes in the volume of sand for a particular setting
can be identified and evaluated with respect to adjacent portions of the shore and to
changes in shoreline position over time. One challenge related to this method is obtaining
precise measurements that minimize error since small vertical changes over these
relatively low gradient shoreline areas can result in large volumes of material (NRC,
1987). To apply this approach, accurate measurements of coastal landforms, such as
beach profiles, dunes, or cliff positions, are needed. Collection of such data, especially
those on the underwater portions of the beach profile, is difficult. In addition, high-
density measurements are needed to evaluate changes from one section of the beach to
the next. While the results can be useful to understand where sediment volume changes
occur, the lack of quality data and the expense of collecting the data limit the application

of this method in many areas.
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Figure A2.3 Schematic of the coastal sediment budget (modified from Komar, 1996). Using the sediment
budget approach, the gains and losses of sediment from the beach and nearshore regions are evaluated to
identify possible underlying causes for shoreline changes. In this schematic the main sediment gains are
from: cliff erosion, coastal rivers, longshore transport, and cross-shore sediment transport from the
continental shelf. The main sediment losses are due to: offshore transport from the beach to the shelf and
wind transport from the beach to coastal dunes.

The Coastal Vulnerability Index. One approach that has been developed to evaluate the
potential for coastal changes is through the development of a Coastal Vulnerability Index
(CVI, Gornitz and Kanciruk, 1989; Gornitz, 1990; Gornitz et al., 1994; Thieler and
Hammar-Klose, 1999). Recently, the U.S. Geological Survey (USGS) used this approach
to evaluate the potential vulnerability of the U.S. coastline on a national scale (Thieler
and Hammar-Klose, 1999) and on a more detailed scale for the U.S. National Park
Service (Thieler et al., 2002). The USGS approach reduced the index to include six
variables (geomorphology, shoreline change, coastal slope, relative sea-level change,

significant wave height, and tidal range) which were considered to be the most important
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in determining a shoreline’s susceptibility to sea-level rise (Thieler and Hammar-Klose,

1999). The CVlI is calculated as:

CVIZ\/axbxczdxexf (A2.3)

where a is the geomorphology, b is the rate of shoreline change, C is the coastal slope, d
is the relative sea-level change, € is the mean significant wave height, and f is the mean

tidal range.

The CVI provides a relatively simple numerical basis for ranking sections of coastline in
terms of their potential for change that can be used by managers to identify regions where
risks may be relatively high. The CVI results are displayed on maps to highlight regions
where the factors that contribute to shoreline changes may have the greatest potential to

contribute to changes to shoreline retreat (Figure A2.4).
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Figure A2.4 Coastal Vulnerability Index (CVI) calculated for Assateague Island National Seashore in
Maryland. The inner most color-coded bar is the CVI estimate based on the other input factors (1 through
6). From Pendleton et al. (2004).

764 of 790 Final Report



CCsp4.1 January 15, 2009

APPENDIX 2 REFERENCES
* Indicates non-peer reviewed literature; available upon request

Anders, F.J. and M.R. Byrnes, 1991: Accuracy of shoreline change rates as determined
from maps and aerial photographs. Shore and Beach, 59(1), 17-26.

Bowen, A.J. and D.L. Inman, 1966: Budget of Littoral Sands in the Vicinity of Point
Arguello, California. Coastal Engineering Research Center technical memoradum

no. 19. [U.S. Army Corps of Engineers, Washington, DC], 56 pp.

Bruun, P., 1962: Sea-level rise as a cause of shore erosion. Journal of Waterways and
Harbors Division, 88, 117-130.

Bruun, P., 1988: The Bruun rule of erosion by sea-level rise: a discussion on large scale

two- and three-dimensional usages. Journal of Coastal Research, 4(4), 627-648.

Cooper, J.A.G. and O.H. Pilkey, 2004: Sea-level rise and shoreline retreat: time to
abandon the Bruun Rule. Global and Planetary Change, 43(3-4), 157-171.

Cowell, P.J., P.S. Roy, and R.A. Jones, 1992: Shoreface translation model: computer
simulation of coastal-sand-body response to sea level rise. Mathematics and

Computers in Simulation, 33(5-6), 603-608.

Crowell, M. and S.P. Leatherman (eds.), 1999: Coastal erosion mapping and

management. Journal of Coastal Research, Special issue 28, 196 pp.

Crowell, M., S.P. Leatherman, and M.K. Buckley, 1991: Historical shoreline change;

error analysis and mapping accuracy. Journal of Coastal Research, 7(3), 839-852.

Crowell, M., S.P. Leatherman, and M.K. Buckley, 1993: Shoreline change rate analysis:
long-term versus short-term. Shore and Beach, 61(2), 13-20.

Crowell, M., B.C. Douglas, and S.P. Leatherman, 1997: On forecasting future U.S.
shoreline positions: a test of algorithms. Journal of Coastal Research, 13(4),
1245-1255.

765 of 790 Final Report



CCsp4.1 January 15, 2009

Crowell, M., S.P. Leatherman, and B. Douglas, 2005: Erosion: historical analysis a
forecasting. In: Encyclopedia of Coastal Science [Schwartz, M.L. (ed.).] Springer,
the Netherlands, pp. 846-850.

Dean, R.G. and R.A. Dalrymple, 2002: Coastal Processes with Engineering
Applications. Cambridge University Press, New York, 475 pp.

Dean, R.G. and E.M. Maurmeyer, 1983: Models of beach profile response. In: CRC
Handbook of Coastal Processes [Komar, P.D. (ed.)]. CRC Press, Boca Raton, FL,
pp. 151-165.

Dolan, R., M.S. Fenster, and S.J. Holme, 1991: Temporal analysis of shoreline recession
and accretion. Journal of Coastal Research, 7(3), 723-744.

Douglas, B.C. and M. Crowell, 2000: Long-term shoreline position prediction and error
propagation. Journal of Coastal Research, 16(1), 145-152.

Douglas, B.C., M. Crowell, and S.P. Leatherman, 1998: Consideration for shoreline
position prediction. Journal of Coastal Research, 14(3), 1025-1033.

Dubois, R.N., 2002: How does a barrier shoreface respond to a sea-level rise? Journal of

Coastal Research, 18(2), iii-v.

Everts, C.H., 1985: Sea-level rise effects on shoreline position. Journal of Waterway,
Port, and Coastal Engineering, 111(6), 985-999.

Fenster, M.S., 2005: Setbacks. In: Encyclopedia of Coastal Science [Schwartz, M.L.
(ed.)]. Springer, Dordrecht, the Netherlands, pp. 863-866.

Fenster, M.S., R. Dolan, and R.A. Morton, 2001: Coastal storms and shoreline change:

signal or noise? Journal of Coastal Research, 17(3), 714-720.

Genz, A.S., C.H. Fletcher, R.A. Dunn, L.N. Frazer, and J.J. Rooney, 2007: The
predictive accuracy of shoreline change rate methods and alongshore beach

variation on Maui, Hawaii. Journal of Coastal Research, 23(1), 87-105.

766 of 790 Final Report



CCsp4.1

January 15, 2009
Gornitz, V.M., 1990: Vulnerability of the east coast, USA to future sea-level rise.

Journal of Coastal Research, Special issue 9, 201-237.

* Gornitz, V.M. and P. Kanciruk, 1989: Assessment of global coastal hazards from sea
level rise. In: Coastal Zone ’89: Proceedings of the Sixth Symposium on Coastal

and Ocean Management, July 11-14, 1989, Charleston, SC. American Society of
Civil Engineers, New York, pp. 1345-1359.

Gornitz, V.M., R.C. Daniels, T.W. White, and K.R. Birdwell, 1994: The development of
a coastal risk assessment database: vulnerability to sea-level rise in the U.S.

southeast. Journal of Coastal Research, Special issue 12, 327-338.

Hands, E.B., 1980: Prediction of Shore Retreat and Nearshore Profile Adjustments to
Rising Water Levels on the Great Lakes. Coastal Engineering Research Center

technical paper TP 80-7. U.S. Army Corps of Engineers, Ft. Belvoir, VA, 199 pp.

Hapke, C.J., D. Reid, B.M. Richmond, P. Ruggiero, and J. List, 2006: National
Assessment of Shoreline Change: Part 3 Historical Shoreline Change and
Associated Land Loss along Sandy Shorelines of the California Coast. U.S.
Geological Survey open-file report 2006-1219. U.S. Geological Survey, Reston
VA, 72 pp. <http://purl.access.gpo.gov/GPO/LPS86269>

Honeycutt, M.G., M. Crowell, and B.C. Douglas, 2001: Shoreline position forecasting:

impacts of storms, rate-calculation methodologies, and temporal scales. Journal of
Coastal Research, 17(3), 721-730.

Kana, T.W., J Michel, M.O. Hayes, and J.R. Jensen, 1984: The physical impact of sea
level rise in the area of Charleston, South Carolina. In: Greenhouse Effect and

Sea-level Rise: A Challenge for this Generation [Barth, M.C. and J.G. Titus
(eds.)]. Van Nostrand Reinhold, New York, pp. 105-150.

Komar, P.D., 1996: The budget of littoral sediments concepts and applications. Shore
and Beach, 64(3), 18-26.

767 of 790 Final Report



CCsp4.1 January 15, 2009

Komar, P.D., 1998: Beach Processes and Sedimentation. Prentice Hall, Upper Saddle
River, NJ, 2nd edition, 544 pp.

Komar, P.D., W.G. McDougal, J.J. Marra, and P. Ruggiero, 1999: The rational analysis
of setback distances: applications to the Oregon coast. Shore and Beach, 67(1),
41-49.

Leatherman, S.P., 1983: Shoreline mapping: a comparison of techniques. Shore and
Beach, 51(3), 28-33.

Leatherman, S.P., 1984: Coastal geomorphic responses to sea level rise: Galveston Bay,
Texas. In: Greenhouse Effect and Sea-level Rise: A Challenge for This
Generation [Barth, M.C. and J.G. Titus (eds.)]. Van Nostrand Reinhold, New
York, pp. 151-178.

Leatherman, S.P., 1990: Modeling shore response to sea-level rise on sedimentary

coasts. Progress in Physical Geography, 14(4), 447-464.

List, J.H., 2005: The sediment budget. In: Encyclopedia of Coastal Science [Schwartz,
M.L. (ed.)]. Springer, Dordrecht, the Netherlands, pp. 846-850.

List, J.H., A.H. Sallenger, M.E. Hansen, and B.E. Jaffe, 1997: Accelerated relative sea-
level rise and rapid coastal erosion: testing a causal relationship for the Louisiana

barrier islands. Marine Geology, 140(3-4), 347-365.

May, S., W. Kimball, N. Grandy, and R. Dolan, 1982: The coastal erosion information
system (CEIS). Shore and Beach, 50(1), 19-25.

Moore, L., P. Ruggiero, and J. List, 2006: Comparing mean high water and high water
line shorelines: Should proxy-datum offsets be incorporated in shoreline change

analysis? Journal of Coastal Research, 22(4), 894-905.

Morton, R.A. and T.L. Miller, 2005: National Assessment of Shoreline Change: Part 2,
Historical Shoreline Changes and Associated Coastal Land Loss along the U.S.
Southeast Atlantic Coast. U.S. Geological Survey open-file report 2005-1401.

768 of 790 Final Report



CCsp4.1 January 15, 2009

U.S. Geological Survey, St. Petersburg, FL, 35 pp.
<http://pubs.usgs.gov/ot/2005/1401/>

Morton, R.A., T.L. Miller, and L.J. Moore, 2004: National Assessment of Shoreline
Change: Part 1, Historical Shoreline Changes and Associated Coastal Land Loss
along the U.S. Gulf of Mexico. U.S. Geological Survey open file report 2004-
1043. U.S. Geological Survey, St. Petersburg, FL, 44 pp.
<http://pubs.usgs.gov/ot/2004/1043/>

NRC (National Research Council), 1987: Responding to Changes in Sea Level:
Engineering Implications. National Academy Press, Washington DC, 148 pp.

Pendleton, E.A., S.J. Williams, and E.R. Thieler, 2004: Coastal Vulnerability
Assessment of Fire Island National Seashore (ASIS) to Sea-level Rise. U.S.
Geological Survey open-file report 04-1020. [U.S. Geological Survey, Reston,
VA], 20 pp. <http://pubs.usgs.gov/of/2004/1020/>

Riggs, S.R., W.J. Cleary, and S.W. Snyder, 1995: Influence of inherited geologic
framework upon barrier beach morphology and shoreface dynamics. Marine

Geology, 126(1-4), 213-234.

Rosati, J.D., 2005: Concepts in sediment budgets. Journal of Coastal Research, 21(2),
307-322.

Ruggiero, P., G.M. Kaminsky, and G. Gelfenbaum, 2003: Linking proxy-based and
datum-based shorelines on a high-energy coastline: Implications for shoreline

change analyses. Journal of Coastal Research, Special issue 38, 57-82.

Schwartz, M.L., 1967: The Bruun theory of sea-level rise as a cause of shore erosion.
Journal of Geology, 75(1), 76-92.

SCOR (Scientific Committee on Ocean Research) Working Group 89, 1991: The
response of beaches to sea level changes: a review of predictive models. Journal

of Coastal Research, 7(3), 895-921.

769 of 790 Final Report



CCsp4.1 January 15, 2009

Shalowitz, A.L., 1964: Shore and Sea Boundaries; With Special Reference to the
Interpretation and Use of Coast and Geodetic Survey Data. Publication 10-1.
U.S. Department of Commerce, Coast and Geodetic Survey, Washington, DC,
749 pp.

Stockdon, H.F., A.H. Sallenger, J.H. List, and R.A. Holman, 2002: Estimation of
shoreline position and change using airborne topographic Lidar data. Journal of

Coastal Research, 18(3), 502-513.

Stolper, D., J.H. List, and E.R. Thieler, 2005: Simulating the evolution of coastal
morphology and stratigraphy with a new morphological-behavior model

(GEOMBEST). Marine Geology, 218(1-4), 17-36.

Thieler, E.R. and E. Hammar-Klose, 1999: National Assessment of Coastal Vulnerability
to Sea-level Rise--Preliminary Results for U.S. Atlantic Coast. U.S. Geological
Survey open-file report 99-593. U.S. Geological Survey, Reston, VA, 1 sheet.
<http://purl.usgs.gov/of/1999/0f99-593/>

Thieler, E.R., O.H. Pilkey, R.S. Young, D.M. Bush, and F. Chai, 2000: The use of the
mathematical models to predict beach behavior for U.S. coastal engineering: a

critical review. Journal of Coastal Research, 16(1), 48-70.

Thieler, E.R., S.J. Williams, and R. Beavers, 2002: Vulnerability of U.S. National Parks
to Sea-Level Rise and Coastal Change. U.S. Geological Survey fact sheet FS 095-
02. [U.S. Geological Survey, Reston, VA], 2 pp. <http://pubs.usgs.gov/fs/fs095-
02/>

Thieler, E.R., E.A. Himmelstoss, J.L. Zichichi, and T.L. Miller, 2005: Digital Shoreline
Analysis System (DSAS) Version 3.0; An ArcGIS© Extension for Calculating
Shoreline Change. U.S. Geological Survey open-file report 2005-1304. U.S.
Geological Survey, Reston, VA. <http://pubs.usgs.gov/of/2005/1304/>

U.S. Census Bureau, 2000: United States Census 2000. [web site] U.S. Census Bureau,

Washington, DC. <http://www.census.gov/main/www/cen2000.htmI>

770 of 790 Final Report



CCSP 4.1 January 15, 2009
Wright, L.D., 1995: Morphodynamics of Inner Continental Shelves. CRC Press, Boca
Raton, FL, 241 pp.

* Zhang, K., 1998: Twentieth Century Storm Activity and Sea Level Rise along the U.S.
East Coast and Their Impact on Shoreline Position. Ph.D. dissertation,

Department of Geography. University of Maryland, College Park, 266 leaves.

771 of 790 Final Report



