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Executive Summary 

Increasing population and human development along the coast is a major concern nowadays due 

to shoreline erosion, which can lead to huge direct and indirect economic consequences. Because 

of this, the USGS and various other researchers have commenced different studies, in order to 

understand shoreline change and its connection to local, regional and global factors. This project 

will focus on one of these factors: shoreline curvature. The objectives of this project are fourfold: 

1) To investigate the correlation between shoreline curvature and shoreline change, 2) to explore 

how different temporal and spatial scales affect these correlations, 3) to understand how well 

this methodology applies to different kinds of shorelines, and lastly, 4) to recognize the 

implications of these results in terms of coastal management.  

The first section of this report introduces the background information and concepts that are 

relevant to this project, including short term and long term shoreline change, wave climate, wave 

angle, alongshore sediment transport process and shoreline curvature. The section ends with a 

brief introduction of the scope of the project.  

The second section describes the methods used in this project. This includes information 

regarding shoreline data extraction, shoreline processing in ArcGIS, shoreline smoothing, 

shoreline curvature calculation and correlation analysis. The section also includes general 

descriptions of the shorelines and also coastal morphologies found in the study area, this 

provides an important context in explaining the results later in the report.  

The third section of this report documents the results of the correlation analysis; also, general 

trends and patterns that are found within the results were identified. The fourth section explains 

the results of the correlation analysis. Different barrier island types, coastal landforms and also 

human structures found along the shorelines contribute to significantly different strengths and 

even directions of the correlations, and they are explained in detail in this section.  

The fifth section gives out some future recommendations for studies that are of similar nature. 

This includes a focus on wave-dominated barrier islands, the need to take into account special 
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natural structures and human manipulations along the shorelines, and also the implications of 

the results in terms of coastal management.  
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Introduction 

Data in 2010 showed that 123.3 million people lived in counties directly on the shoreline in the 

U.S. (39% of U.S. population) and this figure is expected to increase 8% by 2020 (NOAA, no date). 

With an increasing population, human development along the coastline alters the shape of the 

coastline. To exacerbate the situation, climate change and sea level rise (SLR) are happening at 

an unprecedented rate currently, and it is expected that increasing frequency of storms and 

hurricanes will further change the shapes of the coastline in the coming decades.   

Shoreline erosion can lead to huge direct and indirect economic consequences. This includes 

property and infrastructure damage, impairment of natural storm protection, loss of tourism and 

commercial fisheries, etc. and such damages can be devastating to coastal economies. According 

to Restore or Retreat (2012), a non-profit in Louisiana that is involved in coastal restoration, it is 

estimated shoreline erosion in Louisiana costs over $200 billion loss to Louisiana and the rest of 

the U.S. per year.   

Because of the widespread impacts of shoreline change, studies have been conducted by the U.S. 

Geological Survey (USGS) and various other researchers in an attempt to understand shoreline 

change rates and their connection to local, regional, and global factors. Numerous factors 

including size and materials of grains (Valvo, Murray & Ashton, 2006), wave height, tidal range, 

the rate of local SLR (Morton, Miller, & Moore, 2004), shoreline setting (presence of wave 

shadowing, presence of human structures including jetties or seawalls) (Gilbeaut et al., 2000), 

and shoreline curvature (Ashton & Murray, 2006) are believed to affect the rate of shoreline 

change. However, one of these factors, shoreline curvature, is not well addressed in previous 

studies. 

As a continuation of work that was conducted by another student last year, the main objective 

of this project is to expand the scope of the study by measuring the shoreline curvature of the 

Texas coastal bend and the rest of the East Coast (up till Long Island in New York) of the United 

States. More importantly, this study aims to investigate how different temporal and spatial scales 

contribute to different strengths, or even directions of the correlation between shoreline 
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curvature and shoreline change. Ultimately, it is hoped that the results of this project can be used 

as a coastal planning and decision making tool to predict future shoreline changes and identify 

sites that are vulnerable to erosion and coastal flooding, so that resources for adaptation and 

mitigation can be focused on these areas (Kabuth, Kroon & Pedersen, 2014).  

1. Short term and long term shoreline change 

When we discuss shoreline change, it is important to understand that there are two types of 

shoreline change: short term and long term. Short term shoreline change refers to temporary 

erosion or accretion that occurs during large wave events like tropical storms and hurricanes 

(Gilbeaut et al., 2000). Cross-shore currents can move sand offshore during those events. For 

example, along the upper Texas Coast, the shoreline can move more than 30m landward in a day 

during a large wave event (Gibeaut et al., 2000). However, the sediment is able to move back 

onshore again after those events. Because of that, short term shoreline change is relatively 

unimportant when we are discussing longer term changes because the shoreline is able to return 

to its original location a few days or weeks after large wave events. 

On the other hand, long term shoreline change refers to the cumulative changes that add up over 

multi-annual timescales (Lazarus & Murray, 2011) and it is the main factor that controls the shape 

of the coastline. Because of this, long term shoreline change is more relevant to researchers and 

coastal managers, and it will be the focus of this project. 

2. Alongshore sediment transport process and shoreline change 

Long term shoreline change is caused by gradients in net alongshore transport and alongshore 

sediment transport is a function of incident offshore water waves and the angle between the 

waves and the shoreline. Previous studies (Ashton, Murray & Arnoult, 2001) have pointed out 

that alongshore sediment transport (Qs) is directly related to the incident wave angle, where 

alongshore sediment transport is maximized at approximately 45 degrees (Figure 1). 
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Figure 1. Relationship between the incident offshore wave angle and the quantity of alongshore 

sediment transport (Qs) (Ashton, Murray & Arnoult, 2001). 

Wave climate is often used to describe the average distribution of wave height, period, and 

orientation of waves in a particular location over a period of time (Herbich & Walters, 1982) and 

this is an important concept in describing alongshore sediment flux. Referring to Figure 2, 

focusing on the convex seaward bump on the shoreline segment, when the wave climate 

is dominated by low angle waves (any incoming wave angle that is less than 45 degrees), net 

sediment flux into the convex section of the shoreline will be less than the flux out. This divergent 

alongshore flux of sediment will cause erosion. On the other hand, if the wave climate is 

dominated by high angle waves (incoming wave angle that is larger than 45 degrees), net 

sediment flux into the convex section will be greater than the flux out. This convergent 

alongshore flux of sediment will cause accretion in the long run (Lazarus & Murray, 2011; Valvo, 

Murray & Ashton, 2006). 

  

Figure 2. The relationship between wave climate, alongshore sediment flux and 

erosion/accretion (Ashton & Murray, 2006). 
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3. Wave Climate 

Wave climate changes over time in three different ways. First, a stochastic storm event in one 

decade would very likely be different from another storm event in another decade, thus leading 

to different wave climates in different decades. Secondly, decadal climate shifts can result in 

inconsistent storm frequency and patterns over different decades. One of such example is the 

Pacific Decadal Oscillation (PDO). During a PDO event, ocean temperature and thus storm 

frequency and pattern will be altered drastically, leading to a change of the wave climate in a 

significant way. Lastly, due to global warming, it is anticipated that storm frequency and intensity 

will change, and such changes are expected to impose a lasting effect on wave climate.  

As wave climate varies from one place to another, this spatial component is expected to lead to 

a different strength, or even direction of the correlation between shoreline curvature and 

shoreline change at different areas when studied at the same time period. Coupling with 

temporal components, it is anticipated that even the same area can exhibit completely different 

results of correlation analysis when studied over different timescales as wave climate often varies 

significantly from one time period to another.  

4. Shoreline curvature and shoreline change 

Shoreline curvature is defined as the rate and direction a curve is turning at a given point. 

Following the convention of a previous study, a shoreline that is concave seaward has a negative 

curvature and a shoreline that is convex seaward has a positive curvature (Figure 3).  

 

Figure 3. Shoreline curvature explanation. 
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A previous study (Lazarus & Murray, 2007) found “a persistent, robust negative correlation” 

between shoreline curvature and shoreline change under timescales of 1-10 years and spatial 

scales of 100 to 3000m. Such results suggested that shoreline that is convex seaward (positive 

curvature) tends to erode and shoreline that is concave seaward (negative curvature) tends to 

accrete. This leads to the overall smoothing of the shoreline (Lazarus & Murray, 2007)   

5. Spatial, temporal scales and shoreline change 

In their study, Lazarus & Murray (2007) pointed out the importance of temporal and spatial scales 

in understanding the magnitude of shoreline change. Indeed, their analysis on the regional 

patterns of shoreline change at northern North Carolina coast showed that the correlations 

between shoreline curvature and shoreline change are the strongest when the data is examined 

over decadal and kilometer scales. Their results suggested that shoreline curvature driven 

alongshore sediment transport processes dominate shoreline change at large spatial and longer 

temporal scales. 

Long temporal scale is necessary in studying long term shoreline change because the coastline 

fluctuates as the result of storms. As mentioned earlier, during large wave events, the shoreline 

can move landward for a significant distance in a relatively short period of time. However, after 

such events, sand is able to migrate back landwards and overall, this causes little net change in 

the shoreline shape (Lazarus & Murray, 2007). In addition, Lazarus et al. (2011) found out that 

the degree of shoreline curvature driven changes to the shoreline is maximized when it is 

measured over longer timescales, thus implying a temporal control on the degree of shoreline 

change, especially for large scale shoreline patterns. Studying shoreline change on a long 

temporal scale also allows the aggregation of change at the same location over time, and thus 

exerting a stronger influence when studying the relationship between shoreline curvature and 

shoreline change (Lazarus et al., 2011).  

When examined at a small scale, a piece of shoreline is usually dominated by local undulations 

due to its dynamic nature. However, these rapidly changing shoreline patterns do not necessarily 

contribute to the general picture of long term shoreline change. Thus, when we study shoreline 
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change at a large spatial scale, these local changes can be filtered out and with a clearer pattern 

of the shoreline, it is easier to understand the general trend of shoreline change (Lazarus & 

Murray, 2011).  

6. Scope of the study 

This Master’s Project is an expansion of a previous Master’s project in which the shorelines of 

Florida, Georgia, South Carolina and North Carolina were examined. This MP expanded the scope 

of the study by focusing on the shorelines of Texas, Virginia, Maryland, Delaware, New Jersey and 

New York. Figure 4 shows the detailed locations of the study area of this and the previous 

Master’s Project. The shoreline of the rest of the East Coast, including the shorelines of 

Connecticut, Rhode Island, Massachusetts, New Hampshire and Maine, were not examined 

because of the nature of those shorelines. Unlike the rest of the East Coast, the shorelines of 

New England are dominated by rocky shores, which behave distinctly different than sandy 

coastlines as they are relatively more stable, thus they are excluded from this study.  
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Figure 4. Study area of this project includes the shorelines of Texas, Virginia, Maryland, Delaware, 

New Jersey and New York; while a previous project covers the shorelines of Florida, Georgia, 

South Carolina and North Carolina. 

Methods 

1. Shoreline Data Downloading and processing 

The most up-to-date shoreline data is downloaded from the global Self-consistent, Hierarchical, 

High-resolution Geography (GSHHG) Database. After that, Geophysical Data System (GEODAS) 

desktop application Coastline Extractor, which is developed by NOAA’s National Centers for 

Environmental Information, is used to break up the shoreline into smaller segments. This is based 

on geomorphological features and the presence of structures along the coast. This includes man-
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made structures such as jetties and groins and also natural features such barrier islands and inlets. 

After that, the shoreline segments are imported into ArcMap and are projected to the same 

coordinate system: North America Lambert Conformal Conic. This coordinate system is chosen 

because of its optimal application to regions that have an east-west extent, which is the case of 

the U.S. More importantly, it shows minimal areal distortion at the study area (USGS, 2000).  

Then, with “Create Points on Line” 1 , equally-spaced points that are one meter apart are 

constructed on every shoreline piece. These points act as reference points, where curvature will 

be calculated. At the same time, with the same tool, start and end points are generated on the 

two ends of the shoreline piece. The start and end points are then connected together as a 

reference line by “Points to Line” tool. This reference line is parallel to the general trend of the 

shoreline piece and it serves as a baseline for the reference points to compute the distance 

between the two.  

To make sure the whole shoreline segment is on the same side with respect to the reference line, 

the reference line is shifted 2000-3000m seaward. The last step involves using the “Near” tool to 

obtain the distances between each reference point and the reference line. The distance data is 

then exported to Excel for further processing. 

2. Shoreline smoothing  

Shorelines often feature undulations on a range of alongshore scales, ranging from small bumps 

on the beach to large curves in the coastline, where smaller scale undulations tend to mask larger 

scale undulations. As a previous study pointed out, undulations that are at smaller scales only 

exhibit meaningful results when studied at shorter time period, for example, annual scale 

(Lazarus & Murray, 2007). On the other hand, we are focusing on studying decadal and centennial 

shoreline change in this project, thus, we are more interested in examining larger scale 

undulations. By filtering out sudden undulations that are at shorter spatial scales, it allows us to 

                                                           
1 This tool is developed by Ian Broad and can be downloaded from his website 

http://ianbroad.com/arcgis-toolbox-create-points-polylines-arcpy/ 
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analyze larger scale undulations more effectively. Serving as low-pass signal filters (Lazarus & 

Murray, 2007), smoothing windows with three different scales (1km, 3km and 5km) are used in 

this project to examine how different spatial scales affect shoreline curvature and thus, the 

correlation between shoreline curvature and shoreline change. Also, in curvature measurement, 

high frequency, rapid undulations often dominates the curvature value as curvature resulting 

from low frequency, subtle undulations is inherently much smaller (Lazarus & Murray, 2007). Not 

performing smoothing would allow those high frequency, rapid undulations obscure the 

curvature from low frequency, subtle undulations.  

Smoothing is done by averaging the distance between each reference point and the reference 

line with the distances of some number of neighboring points alongshore, then reassigning a new 

distance to the point in question. For example, using a 5km smoothing window, 5000 points 

(2500 on the left and 2500 on the right) that are adjacent to the central point (the point where 

curvature is calculated) is averaged. However, the problem with just averaging points is that, if 

there is a sudden, drastic change on the shoreline, even though it is far away from the central 

point, it will still significantly affect the curvature value as each reference point is given the same 

weight. This will result in an exaggeration of curvature value as points that are far away from the 

central point should not exert the same influence as points that are close to the central point.  

Thus, instead of just averaging points, different weights are also applied to each neighbor point 

when smoothing. A weighting system is developed using the Gaussian distribution curve and its 

equation is as follows:  

 

In this equation, L is the length scale, which is 1000m, 3000m and 5000m for 1km, 3km and 5km 

smoothing window respectively. We define L/4 as the characteristic distance of the Gaussian 

curve and the lowest weighting would fall off to 13.5% of the central value. Applying this equation, 

and averaging over a total distance of L, the sum of all the weights approximates 0.95. Even 

though it is not ideal in theory (since the total should equal 1.0), this smaller total weighting does 
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not impact the analysis as all of the values are reduced by a uniform percentage. If we would like 

to obtain 1 as the sum of all weights, it would mean that the Gaussian curve has to be extended 

a lot further out and this would mean that we have to lose more points at both ends of the 

shoreline pieces, limiting the data that can be available for correlation analysis. Also, using L/4 as 

the length scale makes the width of the smoothing windows approximately equal to the widths 

of the smoothing windows that were used in a previous project, and thus is deemed to be 

appropriate for our purposes.  

Figure 5 shows the Gaussian distribution curve that is used to assign weights for a 5km smoothing 

window. Using this method, weightings are applied to each reference point based on its distance 

from the central point. For points that are closer to the central point, heavier weights will be 

assigned and for points that are further away, lower weights will be assigned. For example, using 

a 5km smoothing window, the central point receives the highest weight (3.1923475379E-04), the 

adjacent points on both sides of the central point receive the second highest weight 

(3.1923465163E-04) and so on, until the last point, which receives the lowest weight 

(4.3203725823E-05). By using a weighted running average rather than just an average for the 

shoreline smoothing, impacts of localized changes in shoreline position along the shoreline, 

especially for those that are far away from the central points, can be minimized.  
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Figure 5. Gaussian distribution curve and the weightings using a 5km smoothing window. 

3. Extracted shoreline segments 

As mentioned above, the shorelines of Texas, Virginia, Maryland, New Jersey, Delaware and New 

York are studied in this project (Figure 4). Other than the presence of structures observed in 

Coastline Extractor and Google Earth, it is also important to take into account the availability of 

historical shoreline change data when deciding how to break up shorelines. Thus, the shoreline 

pieces exported from Coastline Extractor are compared with historical shoreline data from the 

USGS, and adjustments are made if needed. If shoreline change data is absent for a long stretch 

along one piece of shoreline, that shoreline segment should be further divided into two pieces 

instead of examining it as a single piece to ensure the accuracy of results of the correlation 

analysis.  

Another important factor that should be taken into account is inlet effects, as coastal processes 

that happen at an inlet tends to be more complicated and are not necessarily caused only by 

alongshore sediment transport.  In order to isolate inlet effects in our analysis, we remove 0.5 
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km on each end of the shoreline segment before conducting the analysis. However, if a pair of 

jetties is present at the end of the shoreline piece, no points should be taken off as alongshore 

sediment transport is interrupted by the jetties and inlet effects are absent there. The effects of 

jetties in changing alongshore sediment transport patterns will be explained in more detail in the 

discussion section.  

3.1 Texas 

As a wave-dominated system, the Texas Coastal Bend experiences minimal tidal effects (mean 

tidal range is 1.5 to 2.0 feet). It consists of a series of long and smooth barrier islands and 

relatively few tidal inlets (Hayes, 1979). A wave dominated system is often characterized with 

large flood tidal deltas and relatively small ebb-tidal deltas (Gutierrez, Williams, & Thieler, 2009). 

The shoreline of Texas starts at the Texas-Mexico border (Texas 1), and ends at the Texas-

Louisiana border (Texas 14). The Texas coastal bend was broken up into fourteen sections, and 

every shoreline piece is relatively long and smooth. The length of the segments ranges from 10.2 

km to 95.9 km, allowing smoothing to be performed at all three scales (1, 3 and 5km).  
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Figure 6. Shoreline pieces studied at Texas and their corresponding lengths. 

3.2 The Mid-Atlantic Coast 

3.2.1 Delmarva 

The shoreline of Virginia is very fragmented, especially south of Assateague Island. It consists of 

a series of uninhabited, relatively short and discontinuous barrier islands, termed “drumstick” 

barriers. These barrier islands are wide on one end and narrow on the other end, where the wide 

parts are usually located on the updrift sides of the barrier islands (Hayes, 1979). They are formed 

due to the prevalence of deep tidal inlets along with well-developed ebb-tidal deltas, (Fenster, 

Dolan, & Smith, 2016; Nebel, Trembanis, & Barber, 2012). The ebb-tidal deltas cause strong wave 

refraction, resulting in the downdrift offsets at inlets, where erosion occurs on one end and 

accretion on the other end (Hayes, 1979). The backsides of the Virginia Barrier Islands consist of 
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well-developed, complex systems characterized with the presence of extensive salt marshes 

(Demarest, & Leatherman, 1985), which might be an important factor in slowing down erosion. 

Indeed, a study conducted by Walters et al. (2014) found that barrier islands that have salt 

marshes behind them tend to retreat landwards slower as the presence of salt marshes limits 

accommodation at the back of the barrier islands.  

The shoreline segments in Virginia start at the southern end of all the islands (Fishermans Island) 

and ends at Assateague Island in the North, which extends into Maryland (Virginia 12). The lack 

of historical shoreline change data in certain areas in Virginia limits the shoreline segments that 

are suitable to perform correlation analysis. For example, Wallops Island, an island situated right 

before Assateague Island, is a NASA flight facility, where no historical shoreline change data is 

available. Also, constant seawall extension and continuous beach nourishment activity at Wallops 

Island makes it not an optimal area to be examined. Thus, it is excluded from this study. Unlike 

the shoreline of Virginia, that of Maryland and Delaware shows more diverse coastal landforms, 

including barrier islands, headlands and spits. A spit can be found at Cape Henlopen in Delaware 

where a continuous supply of sediment accumulates through alongshore sediment transport. A 

spit can extend from a barrier island for a significant distance, for example, Cape Henlopen 

extends over 1.5km from an adjacent headland (Gutierrez, Williams, & Thieler, 2007). 

After considering both the presence of structures along the shoreline and also the availability of 

historic shoreline change data, the shoreline of Delmarva is broken into fourteen pieces with 

lengths ranging from 3.09 km to 57.13 km. With shorelines that are shorter than 5km (the 

minimum length needed to perform all three smoothing scales), only 1km and 3km smoothing 

windows will be applied.  
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Figure 7. Shoreline pieces studied at Delmarva and their corresponding lengths. 

3.2.2 New Jersey 

The shoreline in New Jersey extends from Cape May Point (New Jersey 1) to Sandy Hook (New 

Jersey 9) at the north. According to Nordstrom et al. (1986), the New Jersey Atlantic Coast 

consists of three distinctive features: barrier beaches, headlands and spits.  

Headlands extend from Bayhead to Monmouth Beach in the North (beginning at the middle part 

of New Jersey 9 and ending with the shoreline segment right before Sandy Hook) (Nordstrom et 

al., 1986), and also from Cape May point to Cape May (New Jersey 1). In these areas, beaches lie 

in front of bluffs which can have elevations up to 25 feet above mean sea level (Nordstrom et al., 

1986). Headlands contribute an essential source of sediment to barrier islands. Sediment that is 
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eroded from headlands is transported to adjacent barrier islands through alongshore sediment 

transport (Hapke et al, 2010). Extensive human development and human manipulations are 

observed throughout the coastline of New Jersey, and these two factors play an important role 

in affecting the results of the correlation analysis as they can potentially change the patterns of 

alongshore sediment transport and shoreline change, which will be discussed in detail later in 

this report.  

 

Figure 8. Shoreline pieces studied at New Jersey and their corresponding lengths. 

3.2.3 New York 

The shoreline of Long Island’s south shore stretches from Rockaway Beach (New York 1) in the 

west to Montauk Point (New York 8) in the east, where the sediment originates from glacial 
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deposits (Hapke et al., 2010). The shoreline in Long Island consists of two different types of 

coastal landforms, namely barrier islands and headlands. Similar to New Jersey, extensive human 

development is observed throughout Long Island, especially at the western part (New York 1 to 

New York 3). The shoreline in New York is broken up into eight pieces, with lengths ranging from 

9.91km to 46.78km.  

 

Figure 9. Shoreline pieces studied at New York and their corresponding lengths. 

4. Shoreline curvature 

As mentioned above, curvature is described as the rate and direction a curve is turning at a 

certain point; and in mathematics theory, curvature is the second derivative of the curve of a 

function, which can be obtained through the following equation: 
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The x coordinates are generated using the distance between each reference point along the 

shoreline (s) (S2-S1). As points are constructed 1m apart from each other (S2-S1), the value of ∆X 

can also be assumed to be 1m, as the reference line is almost parallel to the shoreline and the 

distance difference will be very minute and thus can be ignored. The y coordinates would be the 

distance value from each reference point to the reference line. With known x and y values, we 

can easily compute the curvature value.  

The calculation returns either a positive or negative value. Using the convention set by a previous 

study, a piece of shoreline that is concave seaward has a negative curvature and a piece of 

shoreline that is convex seaward has a positive curvature (Figure 3).  

5. Decadal and centennial shoreline data 

With coastal populations continually growing and more coastal infrastructure being threatened 

by SLR and beach erosion, there is a need for information regarding the rates of shoreline 

movement over time, in order to fully understand shoreline change and predict future changes. 

Thus, the USGS has carried out the National Assessment of Shoreline Change Project. The project 
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has produced numerous reports and GIS data layers. These GIS data layers include historic 

shoreline data, beach nourishment project data, and also decadal and centennial shoreline 

change data. These data are important as they allow us to compare shoreline change with the 

shoreline curvature data we calculated, in order to understand the relationship between the two 

variables.  

The decadal and centennial shoreline data from USGS includes data from four general time 

periods: 1800s, 1920s-1930s, 1970s, and 1998-2002. The shoreline change data is computed 

using transects that are 50m apart, and their intersection with historic shoreline data. The 

centennial shoreline change data compares the data of all four time periods using linear 

regression (Morton, Miller, & Moore, 2004), which is a common statistical technique to indicate 

shoreline movement and estimate shoreline change rate (Crowell and Leatherman, 1999). As for 

decadal shoreline change, it compares data from the 1970s and 1998-2002 with the end point 

method (Morton, Miller, & Moore, 2004). The results yield either positive or negative values that 

are expressed in meters per year, and they represent whether the shoreline erodes or accretes. 

A positive value means the shorelines accrete over time and a negative value means the 

shorelines erode over time. 
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Figure 10. Decadal shoreline change rate in Texas and at the Mid-Atlantic Coast, as expressed in 

end point rate (m/year).  
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Figure 11. Centennial shoreline change rate in Texas and at the Mid-Atlantic Coast, as expressed 

in linear regression rate (m/year). 

6. Correlation analysis  

A correlation analysis is conducted between decadal and centennial shoreline change data and 

shoreline curvature data. The analysis returns a correlation coefficient, indicating the direction 

and strength of the relationship between shoreline curvature and shoreline change, and a p-value, 

indicating the probability that the results are random.  

A positive correlation implies that a shoreline piece with a negative curvature (concave seaward) 

will accrete and a shoreline piece with a positive curvature (convex seaward) will erode. This 

results in the overall smoothing of the shoreline. On the other hand, a negative correlation 
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indicates a shoreline piece with a positive curvature (convex seaward) will accrete and a shoreline 

piece with negative curvature (concave seaward) will erode. This results in the overall roughening 

of the shoreline.  

 

Figure 12. Implication of positive and negative correlation in the correlation analysis. 

Results 

1. Smoothing  

Figure 13 compares a piece of shoreline before and after the application of smoothing with three 

scales using the weighted running average. The original data, as shown as a grey line in the graph, 

consists a lot of local, rapid undulations, however, after smoothing, these patterns are removed, 

while the general pattern of the shoreline is still retained.  
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Figure 13. Comparison of shoreline position before and after smoothing with three scales (1km, 

3km, and 5km) by applying weighted running average using a Gaussian distribution curve. 

2. Correlation analysis 

2.1. Texas 

Figure 14 and 15 show the significant results (at 5% significance level) of the correlation analysis 

using decadal and centennial shoreline change data respectively. The results of the correlation 

analysis in Texas are very consistent on both spatial and temporal scales, where virtually all of 

the correlation coefficients are negative (with only a few exceptions). Such results imply that 

shorelines that are concave seaward tend to accrete, while shorelines that are convex seaward 

tend to erode. This leads to shoreline smoothing in the long run.  

Comparing the results of decadal and centennial scale, both data sets produce promising 

significant results, especially at the decadal scale where 12 out of 14 shoreline segments show 



26 | P a g e  

 

some degree of significance under at least one of the spatial scales. Both of the results also show 

high level of consistency, where a lot of overlap is observed.  

Comparing the results among the three different smoothing windows, it is observed that under 

the 1km smoothing scale the correlation coefficients are a lot more clustered, with all of the 

values falling between -0.13 and 0.12. On the other hand, the correlation coefficients are more 

spread out under the 3km and 5km scales, where the data points show a relatively wide range 

(0.17 to -0.75).   

Of all three smoothing windows, there are a lot more significant results for the 3km and 5km 

scales relative to the 1km scale. For example, referring to Figure 14, only four out of fourteen 

shoreline segments show significant results using a 1km smoothing window, while the number 

increases up to eight and ten using a 3km and 5km smoothing window respectively. Moreover, a 

simple comparison of the strength of the correlation coefficients among the three spatial scales 

shows similar results as above. Although the results at 1km scale are mostly significant, the 

correlation coefficients are a lot weaker, when comparing to those of 3km and 5km scale where 

most of the correlation coefficients are smaller than -0.1 and larger than 0.1. Stronger correlation 

coefficients are all found at greater spatial scales, notably at 5km scale. For example, the 

strongest correlation is observed at Texas 1 for the decadal scale, using a 5km smoothing window. 

This implies that spatial scale plays an important role in the strength, or even direction of the 

correlation between shoreline curvature and shoreline change.  
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Figure 14. Scatterplot showing the correlation between shoreline curvature and decadal 

shoreline change (1970s and 1998-2002) at the 5% significance level in Texas. 
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Figure 15. Scatterplot showing the correlation between shoreline curvature and centennial 

shoreline change (1800s, 1920s-1930s, 1970s, and 1998-2002) at the 5% significance level in 

Texas.  

2.2 The Mid-Atlantic Coast 

The correlation coefficients from the analysis of the Mid-Atlantic Coast for the decadal and 

centennial scales are highly varying. No clear pattern is observed with spatial or temporal scale. 

Detailed results of the correlation analysis can be found in Appendix C. The correlation 

coefficients obtained for the Mid-Atlantic Coast imply that the results cannot be analyzed in the 

same way as for Texas, as there might be other factors complicating the correlations. The reasons 
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that the results of the mid-Atlantic Coast are not as meaningful as that of Texas will be explained 

in detail in the discussion section.  

Discussion 

1. Texas 

The analysis shows consistent negative correlations between shoreline curvature and shoreline 

change, meaning that the shoreline in Texas will be smoothed out in a long run. The results here 

are consistent with the findings of a previous study, where a “persistent, robust negative 

correlation” between shoreline curvature and shoreline change was found (Lazarus & Murray, 

2007) for the North Carolina coast. More importantly, the results show that this kind of analysis 

is useful in understanding the relationship between shoreline curvature and shoreline change in 

Texas due to the following reason. 

The wave-dominated barrier islands at the Texas Coastal Bend are generally long and smooth; as 

described by Hayes (1979), they have the shape of elongated hot dogs. There tend to be fewer 

tidal inlets and the shorelines tend to be more stable. This is confirmed by the high level of 

consistency between Google Earth imagery (taken in April 2013) and shorelines from the GSHHG 

Database (last updated in March 2015), meaning that the shorelines in Texas have not changed 

drastically over time (two of such examples are Texas 5 and 6, which can be seen in Figure 16). 

Thus, it is more applicable to compare decadal and centennial shoreline change with the 

shorelines extracted the GSHHG Database because most of the shorelines at Texas Coastal Bend 

remain more or less the same for a relatively long period of time. This is also consistent with 

Lazarus & Murray’s (2007) study, where they examined northern North Carolina Outer Banks, 

which is also a wave-dominated system. They found a consistent smoothing signal across the 

study area, implying that wave-dominated system may be more suitable for this kind of analysis.   



30 | P a g e  

 

 

Figure 16. The shoreline shape of Texas 5 and 6; a pair of jetties are found at the southern end 

of Texas 5.  

As shown in Figure 16, Texas 5 shows a strong concave seaward curvature towards the southern 

end of the shoreline segment due to the presence of a pair of jetties. Jetties tend to encourage 

the accumulation of sand and cause accretion updrift of where they are built, leading to a 

concavity which spreads the accretion progressively farther updrift and thus produces a negative 

correlation between shoreline curvature and shoreline change. While on the other side, at the 

Northern end of Texas 6, the shoreline shows a strong seaward convexity with the presence of 

an inlet. The bulge at the end of the shoreline segment, coupled with strong erosion on both 

decadal and centennial scale, leads to a negative correlation (a smoothing signal). Both Texas 5 

and 6 show significant results for the decadal scale; however, for the centennial scale, the 

significance goes away for Texas 5, while remaining for Texas 6. 

As mentioned above, the results show negative correlations for almost all of the Texas shorelines 

for both the decadal and centennial scales. The only exceptions are Texas 5, 8 and 12, in which 
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positive correlations were found for different timescales, implying that the shoreline is 

roughening. Here we will focus on the discussion of Texas 8, for which a positive correlation was 

found for the decadal scale. Referring to Figure 17, the convex seaward bump along the southern 

end of the shoreline segment suggests the presence of an inlet. The roughening signal is highly 

likely to be driven by the bulge associated with the inlet due to positive accretion that happens 

there. A simple comparison of the shoreline with centennial shoreline change data and decadal 

and centennial google earth images indicates the inlet dynamics happened relatively fast here, 

and the timescale of the change is a lot shorter than the decadal scale over which the shoreline 

change data was taken by the USGS. Now that the inlet is filled up, the shoreline is reconnected 

and is straightening out and it no longer correlates to the previous positive curvature. Such 

incompatibility in timescales leads to an inaccuracy in the analysis. This example points out that 

both inlet dynamics and timescales play important roles in the strength and direction of the 

correlations. Other similar examples will be illustrated in the following section in Virginia.  

 

Figure 17. The location and shape of Texas 8.  



32 | P a g e  

 

2. The Mid-Atlantic Coast 

2.1 Virginia 

Unlike most of the shorelines in Texas, the Virginia Barrier Islands show a much more complicated 

picture and the results of the correlation analysis reflect such complexities by producing highly 

varying and inconsistent results (Appendix C). Several factors contribute to the differences in the 

coastal morphologies and thus coastal processes in Texas and Virginia. These differences 

ultimately lead to completely different sets of results in the correlation analysis. 

First of all, a careful examination of the Virginia Barrier Islands reveals that the exceptionally high 

curvature values of the bulges at the end of the shoreline pieces contribute to the smoothing 

signals in the correlation analysis. For example, referring to Cobb Island (Figure 19), the northern 

end of the segment shows a high curvature value as it is turning rapidly. Together with USGS 

shoreline change data that shows erosion in that stretch of the shoreline, the results show a 

smoothing signal. However, such results are not really meaningful due to the dynamic nature of 

the Virginia Barrier Islands. Dominated by strong inlet dynamics, constant rotation and shifting is 

observed at many of the Virginia Barrier Islands including Cobb, Hogg, and Wreck Island. This 

phenomenon is due to an alternate pattern of erosion and accretion at different parts of the 

islands (Wolner et al., 2013). As illustrated in Figures 18 and 19, the shorelines extracted from 

Coastline Extractor looks completely different from the Google Earth imagery, though the two 

images are less than a decade apart from each other. If the shorelines have changed so much in 

just a few years, it is expected that the shorelines will look completely different in 30 years, much 

less a century. Thus, analyzing shoreline segments that are changing so rapidly under decadal 

and centennial timescale would not yield meaningful results due to a mismatch in timescale. For 

future work, it will be interesting to examine the area using shorter term shoreline change data 

(annual scale for example). With more appropriate timescales, more meaningful results are 

expected. 
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Figure 18. Comparison of shoreline position of Virginia 6 - Wreck Island in Coastline Extractor and 

Google Earth. 

 



34 | P a g e  

 

 

Figure 19. Comparison of shoreline position of Cobb Island (Virginia 7) in Coastline Extractor and 

Google Earth image. 

The reason for the relatively rapid rates of shoreline change has to do with the processes 

affecting the system of the Virginia Barrier Islands. Unlike Texas, the Virginia Barrier Islands are 

mixed-energy barrier islands with a significant tidal influence. They are characterized by relatively 

short barrier islands and the presence of tidal inlets and tidal deltas (Fenster & Dolan, 1996). 

According to Fenster & Dolan (1996), the barrier island system in Virginia has a mean tidal range 

of 1.3m and a mean wave height of 0.55m. While previous studies tend to focus on wave 

dominated areas such as northern North Carolina Outer Banks (Lazarus & Murray, 2007), the 

tide-dominated system in Virginia involves more processes (tidal currents that form deltas), 

leading to completely different coastal morphologies, and this makes it difficult to apply the same 

kind of analysis to Virginia directly.  

Moreover, all of the barrier islands in Virginia are relatively short, and for those that are shorter 

than 5km, smoothing cannot be performed at all three levels, limiting the comparisons between 
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different spatial scales. More importantly, because the shorelines in Virginia change so fast, only 

a limited amount of shorelines have existed long enough to produce shoreline change data, 

especially for the centennial scale. This confines the data that is available for correlation analysis. 

With so few samples, the results tend to vary a lot as outliers can heavily impact the correlation 

coefficients and p-values.   

In addition, varying storm patterns also contribute to different coastal morphologies observed in 

Texas and Virginia. Compared to Texas, storms hit Virginia more frequently. During storm events, 

storm surge washes over barrier islands and leads to the formation of inlets (Rice, Niedoroda, & 

Pratt, 1976). These inlets are relatively unstable, they tend to migrate and be closed after a few 

years to a few decades, resulting in the dynamic and fragmented shorelines observed.  

2.2 New Jersey 

By carefully examining the results of the correlation analysis and comparing the shorelines 

extracted from the Coastline Extractor with Google Earth imagery, we conclude that this kind of 

analysis is not really applicable to New Jersey because there is too much stabilization. If the 

shoreline is stabilized, meaning that erosion is prevented, it is obvious that the correlation 

between shoreline curvature and shoreline change will no longer be meaningful as shoreline 

stabilization changes natural shoreline change processes.  

Google Earth imagery shows that towns of various sizes are observed at all of the shoreline 

segments, where virtually all of them receive shoreline stabilization in the form of seawalls, 

groins or beach nourishment. Data compiled by the Coastal Research Center at Stockton 

University and the Program for the Study of Developed Shorelines at Western Carolina University 

showed that up to 2014, more than 1.5 billion dollars (adjusted for inflation) was spent on beach 

nourishment projects in New Jersey and this equates up to approximately 174 million cubic yards 

of sand (O’Neill, 2015). This number is the second highest in the country. For example, referring 

to Figure 20, within New Jersey 1, multiple groin fields are observed and according to the above 

dataset, Cape May has undergone 24 beach nourishment projects since 1980, which is the 
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highest within the State of New Jersey (O’Neill, 2015). Indeed, a 90-million dollar beach 

nourishment project was just completed at Cape May County in 2016 (SNJ Today, 2016).  

 

Figure 20. Multiple groin fields observed at New Jersey 1. 

Groin fields along the shoreline influence shoreline curvature by interrupting alongshore 

sediment transport and the presence of groin fields impacts shoreline change in two ways. 

First of all, on the updrfit side of the groins, accretion is expected to happen because of the 

sediment trapping ability of the groins. On the other hand, the downdrift side of the groin 

fields experiences erosion stress due to a deficit of sand (Dean & Dalrymple, 2004). However, 

in general, accretion often outmatches erosion and a piece of shoreline with a groin field tends 

to accrete over time. Indeed, a study examining groin fields in Long Island showed that since 

the construction of the groins, the shoreline has prograded seaward by an average of 80m 

(Dean & Dalrymple, 2004).  

This analysis would potentially be more meaningful if one can compare shoreline curvature with 

shoreline change data at a time period where no nourishment activities have happened. If not, 

this kind of analysis is not really applicable to shorelines like New Jersey, where extensive human 
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manipulations are present. This is especially true for long term shoreline change where human 

activities dominate such changes.  

2.3 New York 

Similar to New Jersey, a lot of human development and thus shoreline stabilization happens in 

Long Island, New York (Figure 21). And as explained above, this kind of analysis is not applicable 

to shorelines that have received extensive human manipulations because shoreline stabilization 

changes the shape of shoreline and shoreline-change patterns.   

 

Figure 21. Extensive human development and groin fields found at New York 1. 

The prevalence of jetties at inlets (5 out of the 7 inlets along the Long Island’s south shore have 

a pair of jetties) is also an important factor in causing the complex results observed. The 

discussion section of Texas contains a more detailed elaboration regarding the mechanism of 

how jetties interrupt alongshore sediment transport.  

One of the interesting shoreline pieces in New York is Fire Island National Seashore (New York 4), 

where roughening signals were obtained under both decadal and centennial scale. Fire Island has 
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long been a subject matter of interest because of the presence of shoreface-attached sand ridges 

off western Fire Island (Hapke et al., 2010). A sediment deficit along the Long Island’s south shore 

is counterbalanced by the presence of shoreface-attached sand ridges which either act as an 

offshore sediment source or help bring in offshore sediment to the inner shoreface system 

(Schwab et al, 2000). Indeed, a study conducted by Batten (2013) revealed that 372,310 cubic 

meters of sand is added to the shoreface of Fire Island each year and he attributed this addition 

to cross-shore sediment processes. The presence of shoreface-attached sand ridges creates 

accretion and thus convexity along the shoreline. Such convexity tends to cause erosion, however, 

erosion from coastline smoothing happens at a rate that is slower than accretion through the 

transportation of sediment onshore. Cross-shore sediment transport is prevalent along Fire 

Island and it is the major process in influencing shoreline change (instead of just alongshore 

sediment transport as discussed in this project) (Hapke et al., 2010).  

Future directions 

The results of the correlation analysis for Texas are consistent with previous findings and show 

that this kind of analysis is really applicable to shorelines like Texas which are wave dominated 

and are relatively long and smooth. On the other hand, even though the results are not so 

meaningful, the correlation analysis of the mid-Atlantic Coast is still able to provide useful context 

for researchers to understand the limitations of this kind of study. With such findings, researchers 

are able to focus on applying the same methodology to study the appropriate kind of shorelines 

in the future.  

In addition, this study also recognizes the complexities in explaining shoreline change with a 

single variable, shoreline curvature. For example, at Cedar Island in Virginia (Virginia 10), the 

back-barrier is dominated by salt marshes, which plays an important role in slowing down erosion 

(Walters et al., 2014). Another example is the presence of shoreface-attached sand ridges at Fire 

Island (New York 4), which act as an offshore sediment source that brings sediment onshore 

through cross-shore sediment transport. Thus, shoreline curvature does not necessarily 
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dominate shoreline change in these areas. In future studies, it is important to consider such 

factors to provide a more complete picture.  

Another important factor that should be taken into account is shoreline stabilization activities 

along the shorelines. Beach nourishment and the presence of groin fields change the curvature 

of local shorelines and can potentially impact the curvature of neighboring shorelines. One of 

such example is Galveston Island in Texas; due to extensive human development on the island 

(the city of Galveston), beaches are replenished frequently to ensure the structures on Galveston 

Island are protected. Such human-induced changes on shoreline curvature should be studied 

independently, thus, it is suggested that in future studies, shoreline pieces that receive extensive 

erosion control measures to be isolated when conducting analysis.  

With an understanding of how the correlation between shoreline curvature and shoreline change 

works, the next step would be to identify areas that are prone to shoreline smoothing. Such 

information can be extremely useful for coastal managers, as it helps them to focus their 

resources on mitigation and adaptation of those critical shorelines.  

Conclusion 

To conclude, the relationship between shoreline curvature and shoreline change was 

investigated using a correlation analysis over various spatial and temporal scales through the 

examination of shorelines of Texas, Virginia, Maryland, Delaware, New Jersey and New York. 

Significant results were found at most shoreline segments in Texas and the strength of the 

correlation generally gets stronger with increasing spatial scales. This is because the Texas 

Coastal Bend is a wave-dominated system where shorelines tend to be long and smooth and are 

more stable over time. On the other hand, results are not really meaningful at the Mid-Atlantic 

Coast, due to several reasons: the presence of strong inlet dynamics, extensive human 

manipulations and shoreface attached sand ridges.  

A comparison of results between Texas and the Mid-Atlantic Coast showed that shoreline 

curvature is mostly related to shoreline change, but there are other factors complicating the 
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relationship. Thus, it is important to recognize these factors in future studies, in order to better 

understand the correlations.  
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Appendix 

Appendix A. Shoreline processing in Coastline Extractor and ArcMap 

Coastline Extractor 

1. Download the GSHHG data from the following link (download both gshhg-bin-2.3.4.zip 

and gshhg-shp-2.3.4.zip): 

https://www.ngdc.noaa.gov/mgg/shorelines/data/gshhg/latest/  

2. Download the GEODAS-NG Desktop Windows Software from the following link: 

https://www.ngdc.noaa.gov/mgg/geodas/geodas.html 

3. Install the program on a computer and Coastline Extractor should be one of the software 

installed.   

4. To load the GSHHG shoreline, open Coastline Extractor and choose “Coastlines +”, then 

pick “GSHHS Shorelines, WDB2 Rivers/Political” and navigate to the location where the 

GSHHG data was saved in step 1.  

5. Zoom to the desired area and export the data using “ESRI Shapefile Format”. 

6. The exported files consist a coastline, political boundary and river shapefile. Only the 

coastline shapefile will be used in the following steps.  

ArcMap – Shoreline processing  

1. US State shapefile can be downloaded in the website of United States Census Bureau 

(https://www.census.gov/geo/maps-data/data/tiger-cart-boundary.html), this can be 

used as a reference layer while editing and processing the shorelines.  

2. Import shoreline shapefiles from their corresponding folders to ArcMap.  

3. Clean up the shoreline shapefiles by removing parts that are not needed for shoreline 

curvature measurement, this includes the back of the barrier islands.  

https://www.ngdc.noaa.gov/mgg/shorelines/data/gshhg/latest/
https://www.ngdc.noaa.gov/mgg/geodas/geodas.html
https://www.census.gov/geo/maps-data/data/tiger-cart-boundary.html
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4. Project the data to North America Lambert Conformal Conic by “Project (Data 

Management)” tool. 

5. Download the “Create Points on Line” tool from the following website: 

http://ianbroad.com/arcgis-toolbox-create-points-polylines-arcpy/ 

6. Run “Create Points on Line” to construct equally spaced points (1m apart) along the 

shoreline by choosing “INTERVAL” under Type and enter “1” under Interval Value. 

7. Run “Create Points on Line” again to construct the start and end points by choosing 

“START/END POINTS” under Type.  

8. To build the reference line, run “Points to Line” to connect the start and end points 

together. 

9. Shift the reference line so that the whole shoreline piece is on either side of the reference 

line. In this project, 2000m seaward was used. Adjust appropriately if the reference line 

still intersects the shoreline after shifting 2000m seaward.  

10. The last step involves using the “Near” tool to compute the distance between each point 

and the reference line.  

11. Export the attribute table as a csv file.  

ArcMap – Shoreline change data 

1. Download the appropriate long term and short term shoreline change GIS shapefiles from 

USGS’ National Assessment of Shoreline Change Project: 

http://coastal.er.usgs.gov/shoreline-change/ 

2. Make new copies of the shoreline change shapefiles to the appropriate shoreline folders.  

3. Run the “Near” tool with the shoreline change data as In Features and points as Near 

Features.  

http://ianbroad.com/arcgis-toolbox-create-points-polylines-arcpy/
http://coastal.er.usgs.gov/shoreline-change/
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4. Remove the shoreline change data that do not intersect with the corresponding 

shorelines.  

5. Export the attribute table as a csv file.  
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Appendix B. Complete results of the correlation analysis in Texas  

  Smoothing Window 

1km 3km 5km 

Texas1 R -0.061385713 -0.580189753 -0.751496104 

P-value 0.369295307 1.74571E-18 1.60281E-28 

Texas2 R -0.094488165 -0.244226011 -0.300555659 

P-value 0.002342674 5.09714E-15 1.71122E-21 

Texas3 R 0.003581731 -0.061129261 -0.085724044 

P-value 0.910474151 0.057144834 0.008237281 

Texas4 R 0.009211953 -0.039780782 -0.058693342 

P-value 0.721030288 0.127637409 0.02655988 

Texas5 R -0.055415358 -0.254351622 -0.431960756 

P-value 0.183381931 1.9567E-09 3.0936E-24 

Texas6 R -0.194576276 -0.577796444 -0.718528034 

P-value 1.04211E-10 6.31222E-94 6.9321E-160 

Texas7 R -0.068342884 -0.173607408 -0.28094693 

P-value 0.234802083 0.004439821 1.59264E-05 

Texas8 R -0.112710414 0.061099145 0.044159415 

P-value 0.013383925 0.197774615 0.368968563 

Texas9 R -0.03401799 -0.085902665 -0.148753806 

P-value 0.404362242 0.041418096 0.00062033 

Texas10 R -0.075368611 -0.137331711 -0.204750256 

P-value 0.068751117 0.001269467 3.1308E-06 

Texas11 R -0.128402477 -0.070417489 -0.060060734 

P-value 0.100252282 0.425963773 0.573891575 

Texas12 R -0.043851728 0.142572276 0.172689904 

P-value 0.367731872 0.004575603 0.001087596 

Texas13 
R 0.052540078 0.019700635 -0.010842241 

P-value 0.224598888 0.654943682 0.809469926 

Texas14 R -0.003577472 -0.124284551 -0.274634363 

P-value 0.881729038 2.42739E-07 1.03781E-30 
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Table 1. Correlation between shoreline curvature and decadal shoreline change (1970s and 1998-

2002) in Texas; numbers that are in red represent results that are significant at the 5% level, while 

numbers that are in blue represent results that are not significant. 

 
Smoothing Window 

1km 3km 5km 

Texas1 R -0.133211364 -0.502231851 -0.63402734 

P-value 0.05277472 2.80326E-13 5.15621E-18 

Texas2 R -0.052761648 -0.110904102 -0.043101284 

P-value 0.089937831 0.000451039 0.182325911 

Texas3 R 0.003728651 0.006361699 -0.01497279 

P-value 0.90686534 0.843298663 0.629920163 

Texas4 R -0.014336706 -0.065116848 -0.081892973 

P-value 0.581305181 0.013294449 0.002125939 

Texas5 R -0.009793758 0.037675088 -0.005743098 

P-value 0.822855601 0.401503479 0.900650884 

Texas6 R -0.193941114 -0.541493537 -0.666953524 

P-value 1.20095E-10 1.63114E-80 6.1853E-130 

Texas7 R -0.105019569 -0.184070461 -0.257988495 

P-value 0.067916565 0.002580376 8.1125E-05 

Texas8 R -0.126675847 0.02994351 0.104228498 

P-value 0.005399081 0.528213687 0.033565969 

Texas9 R -0.004625418 0.02195774 -0.032207838 

P-value 0.909755476 0.602803449 0.461055044 

Texas10 R -0.103298693 -0.079872579 -0.194322118 

P-value 0.0129645 0.063143239 1.11469E-05 

Texas11 R 0.059063708 -0.153098832 0.000663039 

P-value 0.451102955 0.082034175 0.995051382 

Texas12 R -0.051672292 -0.240200546 -0.501201183 

P-value 0.290155154 1.54769E-06 8.70432E-24 

Texas13 R 0.049419994 0.039787535 0.03714911 

P-value 0.253378187 0.36660966 0.408586603 

Texas14 R 0.035979157 0.008917733 0.000557511 

P-value 0.144301425 0.718937335 0.982161112 
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Table 2. Correlation between shoreline curvature and centennial shoreline change (1800s, 

1920s-1930s, 1970s, and 1998-2002) in Texas; numbers that are in red represent results that are 

significant at the 5% level, while numbers that are in blue represent results that are not significant. 
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Appendix C. Complete results of the correlation analysis along the Mid-Atlantic Coast 

  Smoothing window 

1km 3km 5km 

Virginia1 R 0.744397683 n/a n/a 

P-value 1.57791E-06 n/a n/a 

Virginia2 R 0.125624297 0.759211346 0.803325643 

P-value 0.208356605 3.58385E-13 2.66013E-07 

Virginia3 R 0.064669276 -0.217585155 n/a 

P-value 0.676638009 0.296109858 n/a 

Virginia4 R -0.962050843 -0.667483417 n/a 

P-value 2.5936E-25 0.00472591 n/a 

Virginia5 R -0.548484401 n/a n/a 

P-value 0.012275959 n/a n/a 

Virginia6 R 0.037561292 0.120676384 0.74680751 

P-value 0.761049281 0.394116245 0.000100592 

Virginia7 R -0.255567209 -0.747754261 -0.71109846 

P-value 0.003465232 1.44381E-20 5.28605E-12 

Virginia8 R -0.15521457 -0.368736159 -0.639298833 

P-value 0.064163712 7.95097E-06 2.5259E-14 

Virginia9 R -0.061963782 -0.005681144 -0.086640757 

P-value 0.412603105 0.946119888 0.317700719 

Virginia10 R -0.379672124 -0.349451952 0.000727507 

P-value 1.10297E-06 9.15114E-05 0.994889898 

Virginia11 R -0.404026802 -0.142745273 0.247629743 

P-value 3.06427E-05 0.203635863 0.0523193 

Virginia12 R -0.103586051 -0.168010972 -0.19339319 

P-value 0.000537706 2.99658E-08 3.2644E-10 

Maryland 1 
R 0.005772653 0.073997452 0.242192541 

P-value 0.886487309 0.076491306 1.39902E-08 

Delaware1 R -0.178771468 -0.405501972 -0.262065894 

P-value 0.000310043 9.25412E-16 1.93174E-06 

New Jersey1 R -0.103445695 0.105706552 -0.106394393 

P-value 0.218893755 0.283175153 0.395183735 

R -0.068705385 0.011788663 0.35176064 
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New Jersey2 P-value 0.379098826 0.895346173 0.000777417 

New Jersey3 R -0.617367204 -0.833738923 -0.408906481 

P-value 8.12101E-19 4.46265E-35 5.71674E-05 

New Jersey4 R 0.102028382 0.339568534 0.282275146 

P-value 0.175361052 0.000114193 0.009725067 

New Jersey5 R -0.204396064 -0.168182931 -0.485149495 

P-value 0.00220881 0.021399548 3.60024E-10 

New Jersey6 R 0.21706318 0.117759437 0.12067599 

P-value 0.001817753 0.126166921 0.139952407 

New Jersey7 
R 0.291611564 0.55274607 0.412827699 

P-value 0.003575516 5.24463E-09 9.5204E-05 

New Jersey8 R 0.145729138 0.205535544 -0.009391723 

P-value 0.00028786 6.36865E-07 0.828261912 

New Jersey9 R -0.082279598 0.053764356 0.205561011 

P-value 0.001658242 0.042215919 9.95943E-15 

New York1 R -0.399280045 0.094830512 0.309796622 

P-value 3.63271E-06 0.29085695 0.000415467 

New York2 R -0.591081273 -0.691976595 -0.623904853 

P-value 1.44247E-24 2.12906E-33 1.85865E-21 

New York3 R 0.019077798 -0.069270011 -0.543423464 

P-value 0.794431731 0.359588732 1.92514E-13 

New York4 R -0.000416531 0.026879142 0.164315682 

P-value 0.98965752 0.412929539 8.51843E-07 

New York5 R -0.042172515 -0.010755351 0.026570255 

P-value 0.360612337 0.82320638 0.598080371 

New York6 R -0.164466203 -0.213897841 0.094883018 

P-value 0.011218123 0.002355677 0.231208022 

New York7 R 0.111674177 0.372688676 0.129199393 

P-value 0.159752334 2.55694E-05 0.247335509 

New York8 R 0.07032448 -0.1282701 -0.158200679 

P-value 0.067652359 0.001187413 0.000103695 

Table 3. Correlation between shoreline curvature and decadal shoreline change (1970s and 1998-

2002) along the Mid-Atlantic Coast; numbers that are in red represent results that are significant 

at the 5% level, while numbers that are in blue represent results that are not significant; “n/a” 
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represents the unavailability of results, due to the short length of certain shoreline segments and 

limited shoreline change data.  

  Smoothing window 

1km 3km 5km 

Virginia1 R -0.016464307 n/a n/a 

P-value 0.929949735 n/a n/a 

Virginia2 R 0.026610402 0.620771706 0.891446208 

P-value 0.790634595 4.44757E-08 1.98593E-10 

Virginia3 
R 0.111884386 0.363048333 n/a 

P-value 0.464336396 0.068316116 n/a 

Virginia4 R 0.925424187 0.857652586 n/a 

P-value 2.62641E-19 2.1612E-05 n/a 

Virginia5 R -0.943854396 n/a n/a 

P-value 4.45143E-11 n/a n/a 

Virginia6 R -0.262580017 -0.39069041 -0.687278094 

P-value 0.030521124 0.004188648 0.000577007 

Virginia7 R 0.0885468 0.106359176 0.611359927 

P-value 0.318341848 0.273268632 1.8928E-08 

Virginia8 R 0.456649927 0.426259898 0.501026018 

P-value 9.90337E-09 1.67733E-07 1.58674E-08 

Virginia9 R 0.14588744 0.238377662 0.164923108 

P-value 0.052680189 0.004012241 0.0559371 

Virginia10 R -0.025029986 0.257715516 0.571434467 

P-value 0.757209853 0.00448667 3.0988E-08 

Virginia11 
R -0.022367192 0.520962849 0.141626498 

P-value 0.789439176 1.03407E-08 0.249301441 

Virginia12 R 0.029797775 0.059714879 0.055695526 

P-value 0.320609299 0.050306065 0.072734201 

Maryland1 R -0.026343604 0.017682151 0.150606442 

P-value 0.514690418 0.672482184 0.000473448 

Delaware1 R 0.003589339 -0.09073002 -0.301169604 

P-value 0.942735689 0.084736179 3.73085E-08 

New Jersey1 R 0.419118482 0.726764491 0.608736642 

P-value 1.14711E-07 3.69877E-19 2.86878E-08 
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New Jersey2 
R 0.089030929 0.353268945 0.226331615 

P-value 0.254002155 4.62258E-05 0.033970661 

New Jersey3 R 0.415036311 0.569583239 0.581117399 

P-value 2.70086E-08 1.2518E-12 1.54832E-09 

New Jersey4 R 0.104469683 0.008001719 0.082872869 

P-value 0.165204002 0.929715838 0.456368345 

New Jersey5 R 0.381101515 0.570933936 0.612523957 

P-value 2.92601E-09 6.49268E-18 5.04358E-17 

New Jersey6 R 0.173739751 0.402628101 0.220783571 

P-value 0.007340954 3.11651E-09 0.004498261 

New Jersey7 R 0.213460816 0.624898676 0.515199452 

P-value 0.024481683 1.01258E-11 5.31831E-07 

New Jersey8 R 0.04518467 0.108529658 0.052791602 

P-value 0.257065482 0.008166424 0.215577483 

New Jersey9 R 0.107831913 0.348556219 0.332376726 

P-value 1.94778E-05 6.12983E-45 8.2114E-40 

New York1 R 0.305993851 0.079137228 -0.237887304 

P-value 1.58684E-05 0.302106611 0.002786439 

New York2 R -0.16260064 -0.042333264 0.164475914 

P-value 0.010639436 0.527553239 0.024875489 

New York3 R 0.027860976 -0.066547922 0.023931192 

P-value 0.569092208 0.190277514 0.654545832 

New York4 R -0.078882332 0.202794052 0.111430046 

P-value 0.01394379 4.34701E-10 0.000880302 

New York5 R -0.011249131 -0.028748596 -0.088441958 

P-value 0.80742184 0.550303009 0.078772138 

New York6 R 0.072897566 -0.35543982 -0.418471609 

P-value 0.263653199 2.40665E-07 3.31226E-08 

New York7 R -0.01643302 -0.266759147 -0.182643021 

P-value 0.83659781 0.00309961 0.100515682 

New York8 R -0.035022497 -0.209572302 -0.365766117 

P-value 0.363255837 9.59871E-08 2.45682E-20 

Table 4. Correlation between shoreline curvature and centennial shoreline change (1800s, 

1920s-1930s, 1970s, and 1998-2002) along the Mid-Atlantic Coast; numbers that are in red 
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represent results that are significant at the 5% level, while numbers in blue represent results that 

are not significant; “n/a” represents the unavailability of results, due to the short length of certain 

shoreline segments and limited shoreline change data.   
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Figure 22. Scatterplot showing the correlation between shoreline curvature and decadal 

shoreline change (1970s and 1998-2002) at the 5% significance level along the mid-Atlantic coast. 
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Figure 23. Scatterplot showing the correlation between shoreline curvature and centennial 

shoreline change (1800s, 1920s-1930s, 1970s, and 1998-2002) at the 5% significant level along 

the mid-Atlantic coast.  


