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Executive Summary
This report contains linear, elevation, and volumetric feature changes at Breezy Point Tip, a site at
the western portion of Breezy Point Spit, Jamaica Bay Unit of Gateway National Recreation Area.
Surveys were conducted from the winter of 2015 to the fall of 2016, and the analysis includes two
LiDAR datasets from August 2010 and November 2012 to capture the effects of Hurricane Sandy.
The focus of this report is on the resilience and recovery of the beach and dune system along Breezy
Point Tip. The analysis provides metrics of shoreline displacement, dune crest displacement, site
elevation change, and site volumetric change.
At Breezy Point Tip, shoreline change was variable throughout the survey period; there was a large
seaward displacement directly post-Sandy followed by smaller landward and seaward displacements
seasonally. Between the first and last GPS surveys there was a seaward displacement of the shoreline
in the eastern portion of the site, and landward displacement in the western portion near the jetty. In
the period 2010-2012, the foredune was completely eroded by Hurricane Sandy. The foredune crest
position had not recovered to the 2010 position during the latest survey period, but had remained
stable in the new post-storm inland location. The topography at Breezy Point Tip from 2010 to 2012
showed volumetric gain low on the beach and loss higher on the beach, with major volumetric loss in
the dune feature. The geomorphological recovery in the Post-Hurricane Sandy period had the same
trend of volumetric gain in the beach feature and variable change in the dune feature. Whereas the
whole site had regained more volume than was lost during the 2010 to 2012 period, the majority of
this gain was in the beach feature and the dune feature had not regained volume that was lost due to
Hurricane Sandy.
Despite two major storms from 2010 through 2012, the beach feature gained volume during the
survey period. A beach nourishment project updrift of the site potentially contributed to this gain.
Both the foredune crest displacement and volumetric change showed that the foredune feature at
Breezy Point Tip had not reoccupied the 2010 pre-storm foredune location and had not regained lost
volume, but instead remained relatively stable in the post-storm location during the survey period.
The beach feature and dune feature persisted throughout the survey period, showing resilience in the
topographic system.
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Introduction
Resilience has become an emerging issue in coastal geomorphology to scientists, managers, and
planners, particularly after Hurricane Sandy (October 2012). Resilience has a variety of meanings to
different fields including human psychology, ecology, and engineering. The most widely used
definition of resilience in coastal geomorphology follows that used in the ecological sciences adapted
from Holling (1974) as the “system’s ability to absorb disturbances and still persist” (Flood and
Schechtman 2014). This study focuses on the concept of resilience of coastal geomorphological
systems within Jamaica Bay in New York. Linear displacement of dune crest and shoreline position,
as well as volumetric change are examined as metrics of recovery and resilience in the postHurricane Sandy period.
A three-dimensional topographic monitoring program began in the winter of 2014-15 at ten sites
within the Jamaica Bay Unit of Gateway National Recreation Area (Figure 1). These sites were
chosen not only for their characteristic geomorphologies, but also as functioning natural dune-beach
systems with limited anthropogenic influence. Sites were monitored four times a year during 2015
and 2016 to capture the topographical response to seasonal differences in storminess, wave energy,
and sediment displacement. The sites contained a set of consistently surveyed transect lines to ensure
the generation of comparable datasets. Collection of the three-dimensional data followed the
“Northeast Coastal and Barrier Network Geomorphological Monitoring Protocol: Part III – Coastal
Landform Elevation Models” (Psuty et al., 2017). Breezy Point Tip was chosen as one of three sites
on the Breezy Point spit.
Surveying began at the Breezy Point Tip site in March 2015 to document the extent of the storm
impacts and the elements of recovery. Topographic surveys along pre-established transect lines were
conducted seasonally using geodetic-grade Global Positioning System (GPS) units. Light Detection
and Ranging (LiDAR) datasets from August 2010 and November 2012 were also used to quantify
pre- and post-storm conditions of the beach-dune system. LiDAR datasets were obtained from the
National Oceanic and Atmospheric Administration (NOAA) website,
https://coast.noaa.gov/digitalcoast/. The seasonal survey data were used to identify foredune crest
position and shoreline position along each surveyed transect. The survey data were also used to
create digital elevation models (DEMs) to display the three-dimensional beach and dune surface.
Difference rasters were created by comparing DEMs from different survey seasons to determine the
change in elevation between surveys. The difference rasters provided metrics of volumetric gain and
loss as well as a spatial distribution of change within the survey area. This report focuses on using the
metrics of change to examine recovery and resilience at Breezy Point Tip.
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Figure 1. Location of study sites within the Jamaica Bay Unit of Gateway National Recreation Area.
Breezy Point Tip, the focus of this report, is in red. The location of the Sandy Hook tide gauge is shown in
the inset map in purple.

Data Products in this Report
The report includes information on shoreline and foredune crest linear feature change, as well as
elevation and volumetric change for each comparison between LiDAR datasets and seasonal GPS
surveys. Data tables with associated metrics for each comparison are presented. In addition, crosssectional profiles derived from the transects of each survey dataset with associated metrics are
produced.
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Site and Situation
Breezy Point Tip is located in the Jamaica Bay Unit of Gateway National Recreation Area at the
western terminus of the Breezy Point spit (Figure 1). The site has an alongshore length of 1.4 km;
there are 79 transects spaced 20 meters apart over its length. Breezy Point Tip is an oceanside site
with full exposure to incoming waves. There is a jetty at the western margin of the site and several
access trails to the beach (Figure 2).

Figure 2. Location of the Breezy Point Tip survey site and adjacent features; the jetty to the west and
access trails to the beach.

Topographic Surveys, Winter 2015 – Fall 2016
A total of 8 topographic surveys were conducted from winter 2015 to fall 2016 (Table 1). Surveys
were run during spring low tides to maximize exposure of the beach and intertidal zone. Four surveys
per year were conducted to capture seasonal variations in storminess (winter, spring, summer, and
fall). Two LiDAR datasets were also used to portray pre-Sandy conditions (LIDAR 2010) and
conditions immediately after Sandy (LiDAR 2012).
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Table 1. Dates of 3D topographic surveys and recorded elevation of the previous spring low tide. Source:
NOAA tide gauge (#8531680) Sandy Hook, NJ (http://tidesandcurrents.noaa.gov/geographic.html). Dates
of LiDAR collection in 2010 and 2012 are included.
Previous Low Tide
Season

Date of Survey
Height*(m)

Time

LiDAR 2010

August 19, 2010

–

–

LiDAR 2012

November 16, 2012

–

–

Winter 2015

March 12, 2015

0.000

10:55 AM

Spring 2015

May 26, 2015

0.043

8:17 AM

Summer 2015

August 10, 2015

0.189

12:44 PM

Fall 2015

November 11, 2015

-0.057

11:31 AM

Winter 2016

February 19, 2016

0.204

2:30 PM

Spring 2016

May 23, 2016

0.091

12:08 PM

Summer 2016

August 15, 2016

0.202

8:34 AM

Fall 2016

November 11, 2016

0.166

2:53 PM

* Tide elevation values are referenced to Mean Lower Low Water (MLLW)

Natural and Cultural Events Affecting Topography
Storm events

Storms are important elements of the environment that affect coastal topography by mobilizing and
transporting beach and dune sediment. The existing protocol for monitoring coastal topography
identifies the seasonal, annual, and longer sediment balances by recording changes in topography and
sediment volume at these temporal scales. Individual storms create short-term variations in the
topography. To emphasize topography independent of individual storms, survey dates are
deliberately selected to avoid periods of short-term storm erosion and recovery.
Wave data are described by statistical values such as wave height, wave length, wave period, etc.
Wave dynamics in linear wave theory incorporate these data and provide a basis for the
establishment of local wave climatologies described by the U.S. Army Corps of Engineers in Wave
Information Studies (http://frf.usace.army.mil/wis). Alternatively, the level of inundation on the
beach profile and the accompanying effects on the upper beach can describe storm dimension. Water
levels greater than 2 m above Mean Lower Low Water (MLLW) are considered storm events in this
area because they have the potential to interact with sediment and topographies higher on the beachdune profile (Psuty et al., 2017). The recorded water levels at the Sandy Hook Tide Gauge, located
on a pier in the Sandy Hook Unit in New Jersey (Figure 1), identify the storm threshold level for the
study area. It is not an absolute elevation of storm impacts, but an indicator of the frequency and
magnitude of storm events. The effects of a particular storm are subject to a variety of associated
4

conditions. However, a seasonal grouping of storm frequency and intensity provide a comparative
evaluation of storminess and the net beach response to the accumulation of storm events at this
broader temporal scale.
From 2010 through 2016, 84 storm events occurred that elevated water levels greater than 2 m above
MLLW at the Sandy Hook gauge (Figure 3). Seven events were comparatively large storms, reaching
above 2.4 m (Table 2). Hurricane Irene occurred on August 27-September 2, 2011, and reached a
water level of 2.97 m, lasting over six high tides. In October 2012, Hurricane Sandy caused record
water levels and surge in New York and New Jersey. A maximum water level of 4.28 m was reached,
with a surge of 2.79 m. The water level remained elevated during five high tides. More recently,
three major storms occurred in quick succession in the winter of 2016: January 10, 2016, reaching a
water level of 2.4 m; January 23-24, 2016, reaching a water level of 2.396 m; and February 8-10,
2016, reaching a water level of 2.503 m.
Table 2. Date and characteristics of seven largest storm events from January 2010 through December
2016, derived from the Sandy Hook tide gauge (http://tidesandcurrents.noaa.gov/geographic.html).

Storm

Number of tides
higher than 2 m*
(Storm threshold)

Maximum Tide*
Tide height
(m)

Date

Measured
surge (m)

March 13-16, 2010

5

2.751

03/13/2010

1.352

April 16-19, 2011

5

2.443

04/16/2011

0.569

August 27 - September 2, 2011

6

2.976

08/28/2011

1.320

June 1-4, 2012

7

2.427

06/04/2012

0.436

October 28-30, 2012

5

4.280

10/29/2012

2.790

January 10, 2016

1

2.441

01/10/2016

0.770

February 8-10, 2016

5

2.503

02/08/2016

0.784

* Tide elevation values are referenced to Mean Lower Low Water (MLLW)

Cultural Events

A major beach nourishment project occurred updrift of Breezy Point Tip in 2013-2014, around
600,000 yds3 (458,732 m3) of sediment was dredged in the fall of 2013 and placed along the
Rockaways (USACE 2014). A second nourishment project occurred along the Rockaways and at Riis
Park from February 2014 to the summer of 2014. A total of 2,900,000 yds3 (2,217,209 m3) of
sediment was dredged from offshore and placed on the beaches along the Rockaways and 200,000
yds3 (152,910 m3) of the total volume was placed at Riis Park (USACE 2014).
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Figure 3. Water level variation at Sandy Hook Tide Gauge, survey dates, and LiDAR collection dates at Breezy Point Tip from January 2010
through December 2016. The dark blue line is a measure of surge (difference of actual water level [light blue line] compared to predicted). Water
level data are derived from the Sandy Hook tide gauge (http://tidesandcurrents.noaa.gov/geographic.html).
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Methodology
Monitoring of coastal change during the Jamaica Bay resilience project followed the procedures
described in the Coastal Landform Elevation Model Protocol (Psuty et al., 2017). A series of
shoreline orthogonal transects spaced at 20 m were generated from an offshore baseline for the length
of the Breezy Point Tip site. These transects were stored on a survey controller and were surveyed
four times a year with a geodetic GPS unit using the Real-Time Kinematic (RTK) survey style, with
horizontal uncertainty of ±0.01-0.02 m and vertical uncertainty of ±0.02-0.04 m determined from
comparison with control points and precision reported during post-processing. One PVC benchmark
was located at the site and was reoccupied every survey to ensure positional accuracy. A point was
recorded at each change in slope along the profile (not to exceed 5 m spacing), or one point recorded
every second (if a survey wheel was used) as the surveyor moved along the transect line (Figure 4a).
This point density allowed for the creation of a three-dimensional model of the beach and dune
topography. Two additional LiDAR datasets were also used to create DEMs before and after
Hurricane Sandy. The LiDAR data have a larger inherent uncertainty than that of the GPS survey
data. The 2010 LiDAR data have a horizontal uncertainty of ±0.75 m and a vertical uncertainty of
±0.20 m (USACE 2010). The 2012 LiDAR data have a horizontal uncertainty of ±0.194 m and a
vertical uncertainty of ±0.075 m (USGS 2012).
Elevations of the unsurveyed areas between the survey transects were obtained through Delaunay
triangulation, according to SOP#7 in the Coastal Landform Elevation Model Protocol (Psuty et al.,
2017). The interpolated model of the surface topography was stored as a spatial matrix of elevation
data (i.e., raster DEMs), examples are depicted in Figure 4b and 4c. Some additional uncertainty was
added into the DEM creation by interpolation. To quantify this additional error, DEMS were created
using Delaunay triangulation from survey data without one transect. Spot elevations of the
interpolated DEM elevation were compared to the actual surveyed elevation as an estimation of error
and was repeated programmatically for each surveyed transect (Waters, 2017). For Breezy Point Tip,
the total error throughout the survey area was ±3,868.85 m of vertically- introduced interpolation
error, or ±0.97 m/m2 of vertical error.
Combining the uncertainty from the instrument and the uncertainty from the DEM creation yielded
an estimate of vertical uncertainty per square meter in the DEM. A DEM created from a GPS survey
had a vertical uncertainty of ±0.05 m/m2. A DEM created from the 2010 LiDAR dataset or from the
2012 LiDAR dataset had a vertical uncertainty of ±0.21 m/m2 and ±0.09 m/m2, respectively, at
Breezy Point Tip.
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Figure 4. Derivation of Digital Elevation Models (DEMs) from GPS survey data: (a.) Survey data points
collected along transects spaced 20 m at Breezy Point Tip; (b.) DEM derived from survey data in March
12, 2015; (c.) DEM derived from survey data in November 11, 2016.
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Linear Feature Change
The shoreline position of each survey dataset was created by plotting the intersection of the surveyed
transect with the NAVD88 datum (0 m) (Figure 5). The foredune crest position was identified along
each surveyed transect and the points were digitized into a foredune crest line. The foredune crest
was defined by the most seaward, highest point in elevation (Figure 5b). At Breezy Point Tip, the
base of the dune was determined to be at an elevation of 2.3 m relative to NAVD88 by an analysis of
the topographic profiles of the study area (Figure 5b). Both the shoreline positions and foredune crest
features generated within each survey were compared and changes were displayed as vectors from an
offshore baseline (Figure 6). Measures of linear feature change were calculated following the
software program developed by the U.S. Geological Survey (Thieler et al., 2009). A series of
numbered transects were generated that extended from a baseline to a linear feature (Figure 6a).
Distances were then measured along transects to the linear feature for each survey (see example from
Breezy Point Tip in Table 3). Distances between surveys were compared to establish dimensions of
change. A depiction of the positive or negative differences was produced by means of a bar graph
extending the alongshore distance of the site (Figure 6b). Positive displacement was displayed in blue
with vectors extending seaward to indicate deposition; negative displacement was displayed in red
with vectors extending landward to indicate erosion. Changes less than the Root Mean Square Error
(RMSE) of the horizontal uncertainty between two comparisons were displayed in grey. The RMSE
horizontal uncertainty between the successive GPS surveys was ±0.03 m, 2010 LiDAR and 2012
LiDAR derived linear features was ±0.78 m, and the uncertainty between the 2012 LiDAR and first
GPS survey was ±0.20 m. This depiction was produced for each temporal comparison by applying
the Shoreline Change Mapper program, created by Aaron Love of the Sandy Hook Cooperative
Research Programs (Psuty et al., 2010).

9

Figure 5. Example of shoreline and dune crest identification at Breezy Point Tip: (a.) DEM created from
11/11/2016 survey data with digitized shoreline and dune crest lines, a selected survey transect in black;
(b.) Cross-section of Profile 30 with the shoreline intersection in blue, dune threshold in red, and dune
crest point identified in green.
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Table 3. A sample of measured distance from the baseline for each transect on each survey, and
comparative displacements of the dune crest or shoreline between surveys. Changes with negative
values (in red) indicate landward displacement, positive values (in black) indicate seaward displacement.
Distance (m)
Feature

Dune Crest

Shoreline

Transect
Numbers

Change (m)

March 2015

November 2016

March 2015 November 2016

35

167.50 ± 0.02

162.20 ± 0.02

5.31 ± 0.03

36

168.29 ± 0.02

164.27 ± 0.02

4.02 ± 0.03

37

167.81 ± 0.02

166.74 ± 0.02

1.07 ± 0.03

38

169.89 ± 0.02

169.52 ± 0.02

0.37 ± 0.03

39

170.15 ± 0.02

171.46 ± 0.02

-1.31 ± 0.03

40

172.93 ± 0.02

173.80 ± 0.02

-0.87 ± 0.03

41

173.95 ± 0.02

175.78 ± 0.02

-1.84 ± 0.03

42

175.42 ± 0.02

178.16 ± 0.02

-2.74 ± 0.03

43

174.07 ± 0.02

180.54 ± 0.02

-6.47 ± 0.03

44

177.21 ± 0.02

181.69 ± 0.02

-4.48 ± 0.03

45

178.62 ± 0.02

182.78 ± 0.02

-4.16 ± 0.03

35

314.00 ± 0.02

316.79 ± 0.02

-2.79 ± 0.03

36

312.95 ± 0.02

313.45 ± 0.02

-0.50 ± 0.03

37

311.36 ± 0.02

306.60 ± 0.02

4.75 ± 0.03

38

306.88 ± 0.02

306.30 ± 0.02

0.58 ± 0.03

39

308.59 ± 0.02

305.89 ± 0.02

2.70 ± 0.03

40

304.09 ± 0.02

304.67 ± 0.02

-0.59 ± 0.03

41

304.42 ± 0.02

304.63 ± 0.02

-0.20 ± 0.03

42

315.69 ± 0.02

315.41 ± 0.02

0.28 ± 0.03

43

313.68 ± 0.02

304.61 ± 0.02

9.07 ± 0.03

44

305.08 ± 0.02

305.45 ± 0.02

-0.38 ± 0.03

45

302.77 ± 0.02

307.20 ± 0.02

-4.43 ± 0.03
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Figure 6. Derivation of linear feature displacement from offshore baseline: (a.) Numbered transects
extend from the offshore baseline and intersect the position of the linear features (shoreline and dune
crest). Distances from the baseline to each of the features are measured along each of the transects; (b.)
Running bar graph of differences at designated transects between the Winter 2015 and Fall 2016 linear
features.
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Elevation and Volumetric Change
Elevation changes were derived by differencing the raster DEMs (Figure 7) to create a 1x1 m
resolution raster of elevation changes. Comparisons between DEMs derived from GPS survey data
had an estimated uncertainty RMSE of ±0.07 m, a combination of instrument uncertainty and
interpolation to create the DEM. Two LiDAR datasets were used to analyze changes in the study area
before surveying began. The LiDAR datasets had a higher uncertainty associated with them, thus any
metrics derived from the LiDAR datasets also had a higher uncertainty. The RMSE of a comparison
between two LiDAR datasets was ±0.226 m, and the RMSE of a comparison between a LiDAR
dataset and a GPS survey dataset was ±0.10 m. Elevation changes less than the RMSE value were
displayed as a hatched fill (Figure 7).

Figure 7. Dimension and distribution of elevation and volumetric change from March 2015 to November
2016: (a.) Elevation change between the March 2015 to November 2016 surveys with 30 m wide
compartments. Elevation changes between +0.07 to -0.07 m (the RMSE) are displayed as a simplehatched symbol throughout the survey area. Compartments are outlined in black and numbered 1-49
from east to west; (b.) Vectors from an offshore baseline display volumetric change within each
compartment. Volumetric change at or above the elevation threshold of 2.3 m relative to NAVD88
indicates change in the dune feature; below the threshold indicates volumetric change in the beach
feature .
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Volumetric change within 30 m wide compartments were calculated and displayed as vectors from
an offshore baseline (Figure 7). The inland extent of the compartments represented the extent of
survey data at the study site. Volumetric gain was depicted in blue with vectors extending onshore;
volumetric loss was depicted in red with vectors extending offshore. Uncertainty in volumetric
metrics was obtained by multiplying standard error (SE) by compartment area:
(RMSE÷√N)×Compartment Area, where N was the number of survey points within the compartment
(Waters, 2017). The uncertainty of volumetric change was shown as a black bar within the
volumetric vectors (Figure 7). The volumetric change was further analyzed to derive change in the
beach feature and change in the dune feature (Figure 7).
At Breezy Point Tip, the base of the dune was determined to be at an elevation of 2.3 m relative to
NAVD88 by an analysis of the topographic profiles of the study area (Figure 5b). Elevation and
volumetric change occurring above the dune threshold of 2.3 m were considered change in the dune
feature, whereas elevation and volumetric change from 2.3 m to 0 m were considered change in the
beach feature. This depiction and associated metrics were produced for each temporal comparison by
the 3D Change Analysis Program, a python code written by William Schmelz and Joshua Greenberg
of the Sandy Hook Cooperative Research Program.
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Results
LiDAR Datasets
August 2010 – November 2012 Changes

A comparison between the August 2010 and November 2012 LiDAR datasets showed the changes at
the site post-Hurricane Sandy. The 2010 foredune was eliminated throughout the site, there was a
mean displacement of the foredune crest of -52.00 m ± 0.78 m (Figure 8a). The largest displacement
was in the west near the jetty where the 2010 foredune crest was completely eroded and the 2012
foredune was located 100 m inland of the 2010 location. In the east, seaward of the Surf Club, the
2010 foredune location was located ~100 m farther inland than the foredune along the rest of Breezy
Point Tip and was not eliminated in the 2010 to 2012 period. The shoreline had a largely seaward
displacement, a mean displacement of +29.45 m ± 0.78 m. From 2010 to 2012, there was a total
volumetric loss of -1,401 m3 ± 627 m3 within the site (Figure 8b). The largest areal loss is associated
with the eliminated foredune, a volumetric loss of -23,127 ± 627 m3. There was volumetric gain
inland of the eroded dune as washover. The largest volumetric gain occurred low on the beach
feature in the eastern portion of the site.
LiDAR Dataset and GPS Survey
November 2012 to March (Winter) 2015 Changes

From the November 2012 LiDAR dataset to the first survey in March 2015, the foredune crest had a
mean seaward displacement of +23.91 m ± 0.20 m, showing some recovery post-storm (Figure 9a).
The shoreline also was displaced seaward throughout the site, a mean of +25.75 m ± 0.20 m. The
largest vectors of seaward displacement were at either end of the site, with smaller seaward
displacement in the center. There was a total volumetric change of +98,018 m3 ± 272 m3 (Figure 9b).
Most of the volumetric gain was in the beach, near the jetty. There was some erosion of the upper
beach throughout the site. There was a band of volumetric gain at the seaward margin of the
foredune, associated with the seaward displacement of the foredune crest during this survey period.
Seasonal GPS Surveys
March (Winter) 2015 – May (Spring) 2015

During the May 2015 survey, there were exclosures and symbolic fencing at the site due to nesting
shore birds, and the area inland of the exclosures was not surveyed. Linear feature and volumetric
change comparisons were only made in the beach area that surveyors could access (Figure 10a). The
shoreline during this period had variable displacement, with a mean of -0.13 m ± 0.03 m. There was
a net volumetric change of +4,053 m3 ± 195 m3 during this survey period (Figure 10b) with gain
occurring throughout most of the site low on the beach, and some erosion higher on the beach profile.
May (Spring) 2015 – August (Summer) 2015

The May 2015 to August 2015 comparison also only included a portion of the beach area due to
nesting shore birds in the May 2015 survey. The shoreline during this time period had a mean
seaward displacement of +4.41 m ± 0.03 m (Figure 11a). The largest seaward displacement was in
the center of the site, with some erosion to either side. There was volumetric gain low on the beach, a
net total volumetric change of +16,292 m3 ± 195 m3 (Figure 11b).
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Figure 8. Metrics of change between August 2010 and November 2012 LiDAR datasets: (a.) Shoreline
and dune crest lines extracted from LiDAR datasets. Linear feature change from August 2010 to
November 2012 displayed as vectors, with associated metrics; (b.) Elevation change and volumetric
change from August 2010 to November 2012 with vectors of volumetric change per compartment, with
associated metrics. Compartments outlined in black.
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Figure 9. Metrics of change between November 2012 LiDAR and March 2015 survey datasets: (a.)
Shoreline and dune crest lines extracted from LiDAR and survey datasets. Linear feature change from
November 2012 to March 2015 displayed as vectors, with associated metrics; (b.) Elevation change and
volumetric change from November 2012 to March 2015 with vectors of volumetric change per
compartment, with associated metrics. Compartments outlined in black.

17

Figure 10. Metrics of change between March 2015 to May 2015 survey datasets: (a.) Shoreline extracted
from survey datasets. Linear feature change from March 2015 to May 2015 displayed as vectors, with
associated metrics; (b.) Elevation change and volumetric change from March 2015 to May 2015 with
vectors of volumetric change per compartment, with associated metrics. Compartments outlined in black.
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Figure 11. Metrics of change between May 2015 and August 2015 survey datasets: (a.) Shoreline
extracted from survey datasets. Linear feature change from May 2015 and August 2015 displayed as
vectors, with associated metrics; (b.) Elevation change and volumetric change from May 2015 and August
2015 with vectors of volumetric change per compartment, with associated metrics. Compartments
outlined in black.
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August (Summer) 2015 – November (Fall) 2015

The August 2015 to November 2015 comparison included the entire study area after bird nesting was
finished. The foredune crest had a small net inland displacement during this survey comparison, a
mean of -0.44 m ± 0.03 m (Figure 12a). The largest displacement was in the center of the site where
the dune crest was displaced 10 m seaward. The entire shoreline had landward displacement during
this time period, a mean of -10.73 m ± 0.03 m. The eastern portion of the survey had the largest
vectors of erosion, with smaller amounts of erosion in the west. There was volumetric loss low on the
beach throughout the site, with volumetric gain higher on the beach profile. The dune feature had
very little volumetric change, there was a small amount of accretion along the seaward margin of the
dune. There was a total volumetric change within the site of -18,219 m3 ± 195 m3 (Figure 12b) during
this period.
November (Fall) 2015 – February (Winter) 2016

From the November 2015 survey to the February 2016 survey the foredune crest location changed
very little, a mean foredune crest displacement of +0.75 m ± 0.03 m (Figure 13a). The largest
displacement of the foredune crest was seaward of the Surf Club, where the foredune crest was
displaced ~15 m seaward. The shoreline had a mean landward displacement of -11.34 m ± 0.03 m.
The eastern portion of the survey had smaller vectors of seaward displacement, whereas the center
and western end of the site were dominated by larger vectors of landward displacement. There was a
total volumetric change of -22,741 m3 ± 195 m3 (Figure 13b) during this survey period. Similar to
the previous comparison, there was erosion low on the beach with volumetric gain higher on the
beach profile. There was variable volumetric change in the dune feature throughout the site.
February (Winter) 2016 – May (Spring) 2016

Symbolic fencing and exclosures were on the beach during the May 2016 survey for shore bird
nesting, so the February 2016 to May 2016 survey comparison only incorporated a portion of the
beach (Figure 14a). The shoreline had seaward displacement in the eastern half of the site and
landward displacement in the western half, a mean displacement of +3.49 m ± 0.03 m (Figure 14a).
The volumetric change during this period followed a similar pattern with volumetric gain in the
beach feature in the east and loss low on the beach in the west, a total volumetric change of +11,265
m3 ± 195 m3. There was volumetric gain higher on the beach in the west (Figure 14b).
May (Spring) 2016 – August (Summer) 2016

During this survey period only changes to the shoreline and beach feature are compared due to a data
gap produced by symbolic fencing present in May 2016. The shoreline had largely seaward
displacement, except for some landward displacement at the western margin of the site, a mean
displacement of +13.37 m ± 0.03 m (Figure 15a). There was volumetric gain low on the beach
throughout the site except for a small amount of volumetric loss at the western margin of Breezy
Point Tip, near the jetty. From May 2016 to August 2016, there was a total volumetric change of
+37,685 m3 ± 195 m3 (Figure 15b) in the beach area.
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Figure 12. Metrics of change between August 2015 and November 2015 survey datasets: (a.) Shoreline
and dune crest lines extracted from survey datasets. Linear feature change from August 2015 and
November 2015 displayed as vectors, with associated metrics; (b.) Elevation change and volumetric
change from August 2015 and November 2015 with vectors of volumetric change per compartment, with
associated metrics. Compartments outlined in black.
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Figure 13. Metrics of change between November 2015 and February 2016 survey datasets: (a.)
Shoreline extracted from survey datasets. Linear feature change from November 2015 and February
2016 displayed as vectors, with associated metrics; (b.) Elevation change and volumetric change from
November 2015 and February 2016 with vectors of volumetric change per compartment, with associated
metrics. Compartments outlined in black.
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Figure 14. Metrics of change between February 2016 and May 2016 survey datasets: (a.) Shoreline
extracted from survey datasets. Linear feature change from February 2016 and May 2016 displayed as
vectors, with associated metrics; (b.) Elevation change and volumetric change from February 2016 and
May 2016 with vectors of volumetric change per compartment, with associated metrics. Compartments
outlined in black.
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Figure 15. Metrics of change between May 2016 and August 2016 survey datasets: (a.) Shoreline
extracted from survey datasets. Linear feature change from May 2016 and August 2016 displayed as
vectors, with associated metrics; (b.) Elevation change and volumetric change from May 2016 and August
2016 with vectors of volumetric change per compartment, with associated metrics. Compartments
outlined in black.
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August (Summer) 2016 – November (Fall) 2016

From August 2016 to November 2016, the foredune crest was relatively stable and had a mean
displacement of -0.25 m ± 0.03 m. The largest vectors of displacement were located at the margin of
the Surf Club in the eastern portion of the site, where the foredune crest was displaced inland ~30 m.
The shoreline was displaced inland in the eastern portion of the survey and seaward in the western
portion, a mean displacement of -1.95 m ± 0.03 m (Figure 16a). During this survey period, there was
a total volumetric change of +12,880 m3 ± 195 m3 (Figure 16b). The majority of this change occurred
low on the beach. In the beach feature there was volumetric gain in the east, in the central portion of
the site there was erosion, transitioning to volumetric gain in the west. There was a small amount of
volumetric gain in the dune feature throughout the site, most of this gain was distributed evenly along
the seaward margin of the foredune.

Net Change During the Seasonal Survey Period
March (Winter) 2015 – November (Fall) 2016

From the first survey collected in March 2015 to the last survey collected in November 2016, the
foredune crest was relatively stable and had a mean displacement of +0.08 m ± 0.03 m (Figure 17a).
Most of this change occurred in the center of the site where there was some accretion in the dune
feature and the foredune crest shifted seaward. There were larger vectors of dune erosion in the
eastern portion of the site and smaller amounts of variable displacement throughout the rest of the
site. The shoreline was displaced seaward in the eastern portion of the site and landward in the
western portion, a mean change of -3.24 m ± 0.03 m. The largest vectors of displacement were at the
western margin near the jetty. The net volumetric change during this survey period was +41,198 m3 ±
195 m3 (Figure 17b). The majority of this change occurred in the beach feature. There was a large
volume gain in the beach feature, low on the profile, in the eastern portion of the site and there was a
large amount of volume loss in the western portion of the site near the jetty. In the western portion,
there was erosion low on the beach profile and deposition higher on the beach profile. Throughout
the site there was a small amount of deposition in the dune feature along the seaward margin of the
foredune.
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Figure 16. Metrics of change between August 2016 and November 2016 survey datasets: (a.) Elevation
change and volumetric change from August 2016 and November 2016 with vectors of volumetric change
per compartment, with associated metrics; (b.) Shoreline and dune crest lines extracted from survey
datasets. Linear feature change from August 2016 and November 2016 displayed as vectors, with
associated metrics. Compartments outlined in black.
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Figure 17. Metrics of change between March 2015 and November 2016 survey datasets: (a.) Elevation
change and volumetric change from March 2015 and November 2016 with vectors of volumetric change
per compartment, with associated metrics; (b.) Shoreline and dune crest lines extracted from survey
datasets. Linear feature change from March 2015 and November 2016 displayed as vectors, with
associated metrics. Compartments outlined in black.
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Summary
The topographic changes at Breezy Point Tip from 2010 to 2012 indicated that Hurricane Sandy
completely eroded the 2010 foredune, and that the foredune crest position was displaced 50 m to 100
m inland. The shoreline shifted seaward during this time (Table 4, Table 5), there was volumetric
gain low on the beach and loss higher on the beach, and volumetric loss in the dune feature (Table 6).
From the 2012 LiDAR dataset to the first GPS survey in March 2015, the foredune crest position
showed recovery, and shifted seaward of the 2012 post-storm location. The foredune crest position
from Winter 2015 to Fall 2016 was relatively stable, with minimal change in position. The foredune
crest position never completely recovered back to the pre-storm 2010 position, but was located
seaward of the 2012 post-storm position. Shoreline change was variable throughout the survey
period, there was a large seaward displacement directly post-Sandy, followed by smaller landward
and seaward displacements seasonally. Post-Hurricane Sandy had the same trend of minimal change
in the dune feature and volumetric gain in the beach feature. The dune feature did not regain volume
that was lost during the 2010 to 2012 period. From 2010 to 2012, the dune feature lost -23,127 ± 627
m3 and from 2015 to 2016 it has only regained +3,746 ± 195 m3 of material. Overall, Breezy Point
Tip regained more sediment than was lost during the 2010-2012 period, however almost all this gain
was in the beach feature where sediment was easily remobilized, not stored in the dune feature where
the most volume was lost during Hurricane Sandy. The nourishment project updrift of the site
potentially contributed to the volumetric gain in the beach feature.
This analysis quantified aspects of resilience through measures of linear feature displacement,
elevation change, and volumetric change at Breezy Point Tip. After two major storms from 2010 to
2012, the dune feature was displaced inland and lost volume, but remained relatively stable in the
new inland location. The beach feature and dune feature persisted throughout the survey period,
showing resilience in the topographic system. The beach feature gained volume from the first survey
in March 2015 to the last survey in November 2016, the nourishment project updrift of the site
potentially contributed to this gain.
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Table 4. Mean dune crest displacement and mean shoreline displacement. Changes with negative values
(also in red) indicate landward displacement, positive values (also in black) indicate seaward
displacement. Note: rows with grey indicate only a portion of the site could be surveyed due to symbolic
fencing around nesting shorebirds.
Season

Mean Shoreline
Displacement (m)

Mean Dune Crest
Displacement (m)

LiDAR Comparison

8/2010 - 11/2012

-52 ± 0.78

29.45 ± 0.78

LiDAR to GPS Survey Comparison

11/2012 - 03/2015

23.91 ± 0.20

25.75 ± 0.20

GPS Survey Comparisons

03/2015 - 5/2015*

-–*

-0.13 ± 0.03*

5/2015 - 8/2015*

-–*

4.41 ± 0.03*

8/2015 - 11/2015

-0.44 ± 0.03

-10.73 ± 0.03

11/2015 - 2/2016

0.75 ± 0.03

-11.34 ± 0.03

2/2016 - 5/2016*

-–*

3.49 ± 0.03*

5/2016 - 8/2016*

-–*

13.37 ± 0.03*

8/2016 - 11/2016

-0.25 ± 0.03

-1.95 ± 0.03

3/2015 - 11/2016

0.08 ± 0.03

-3.24 ± 0.03

Comparison

Net GPS Comparison

* Indicates only a portion of the site could be surveyed due to symbolic fencing around nesting shorebirds.

Table 5. Net volumetric change, m3, per comparison in beach, dune and total. Changes with negative
values (also in red) indicate volumetric loss, positive values (also in black) indicate volumetric gain. Note:
rows with grey indicate only a portion of the site could be surveyed due to symbolic fencing around
nesting shorebirds.
Volumetric Change (m3)
Comparison

Season
Beach

Dune

Total

LiDAR Comparison

8/2010 - 11/2012

21,726 ± 627

-23,127 ± 627

-1,401 ± 627

LiDAR to GPS Survey Comparison

11/2012 - 03/2015

95,742 ± 272

2,276 ± 272

98,018 ± 272

GPS Survey Comparisons

03/2015 - 5/2015*

4,053 ± 195*

0 ± 195*

4,053 ± 195*

5/2015 - 8/2015*

16,300 ± 195*

-9 ± 195*

16,292 ± 195*

8/2015 - 11/2015

-19,824 ± 195

1,604 ± 195

-18,219 ± 195

11/2015 - 2/2016

-22,572 ± 195

-169 ± 195

-22,741 ± 195

2/2016 - 5/2016*

11,328 ± 195*

-64 ± 195*

11,265 ± 195*

5/2016 - 8/2016*

37,717 ± 195*

-32 ± 195*

37,685 ± 195*

8/2016 - 11/2016

10,461 ± 195

2,419 ± 195

12,880 ± 195

3/2015 - 11/2016

37,452 ± 195

3,746 ± 195

41,198 ± 195

Net GPS Comparison

* Indicates only a portion of the site could be surveyed due to symbolic fencing around nesting shorebirds.
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Table 6. Volumetric change per-compartment and net volumetric change per comparison (m3). Compartment 1 is at the eastern extent of Breezy
Point Tip, Compartment 49 is at the western extent (Figure 7). Changes with negative values (also in red) indicate volumetric loss, positive values
(in black) indicate volumetric gain. Note: rows with grey indicate only a portion of the site could be surveyed due to symbolic fencing around
nesting shorebirds.
LiDAR
Comparison

LiDAR to GPS
Survey
Comparison

8/2010 11/2012

11/2012 03/2015

03/2015 5/2015*

5/2015 8/2015*

8/2015 11/2015

11/2015 2/2016

2/2016 5/2016*

5/2016 8/2016*

8/2016 11/2016

3/2015 11/2016

1

616 ± 102

1,433 ± 44

331 ± 32

-149 ± 32

24 ± 32

-2,290 ± 32

1,036 ± 32

1,154 ± 32

1,185 ± 32

1,290 ± 32

2

881 ± 104

1,312 ± 45

178 ± 32

-24 ± 32

49 ± 32

-705 ± 32

117 ± 32

1,044 ± 32

1,089 ± 32

1,748 ± 32

3

246 ± 109

2.235 ± 47

2 ± 34

37 ± 34

111 ± 34

-818 ± 34

345 ± 34

906 ± 34

1,097 ± 34

1,682 ± 34

4

984 ± 127

2.049 ± 55

120 ± 39

77 ± 39

-131 ± 39

-672 ± 39

309 ± 39

950 ± 39

951 ± 39

1,605 ± 39

5

1,356 ± 112

1.997 ± 48

114 ± 35

76 ± 35

-258 ± 35

-465 ± 35

399 ± 35

860 ± 35

673 ± 35

1,399 ± 35

6

1,614 ± 122

2.067 ± 53

105 ± 38

138 ± 38

-391 ± 38

-462 ± 38

409 ± 38

859 ± 38

660 ± 38

1,320 ± 38

7

1,743 ± 112

2.074 ± 49

68 ± 35

93 ± 35

-353 ± 35

-382 ± 35

339 ± 35

931 ± 35

676 ± 35

1,371 ± 35

8

1,685 ± 120

1,998 ± 52

63 ± 37

92 ± 37

-308 ± 37

-643 ± 37

410 ± 37

981 ± 37

844 ± 37

1,438 ± 37

9

1,905 ± 121

2,170 ± 53

84 ± 38

170 ± 38

-258 ± 38

-321 ± 38

141 ± 38

1,167 ± 38

676 ± 38

1,660 ± 38

10

2,837 ± 117

2,031 ± 51

94 ± 36

275 ± 36

-611 ± 36

-191 ± 36

279 ± 36

1,127 ± 36

346 ± 36

1,319 ± 36

11

3,017 ± 115

1,116 ± 50

54 ± 36

346 ± 36

-579 ± 36

-469 ± 36

553 ± 36

1,019 ± 36

495 ± 36

1,419 ± 36

12

2,388 ± 125

1,520 ± 54

-14 ± 39

420 ± 39

-458 ± 39

-430 ± 39

662 ± 39

1,010 ± 39

643 ± 39

1,834 ± 39

13

2,101 ± 130

1,708 ± 56

5 ± 40

474 ± 40

-506 ± 40

-369 ± 40

731 ± 40

966 ± 40

536 ± 40

1,837 ± 40

14

2,392 ± 136

2,003 ± 59

-92 ± 42

548 ± 42

-442 ± 42

-599 ± 42

684 ± 42

1,061 ± 42

468 ± 42

1,628 ± 42

15

2,147 ± 122

2,055 ± 53

-85 ± 38

627 ± 38

-471 ± 38

-513 ± 38

730 ± 38

1,142 ± 38

300 ± 38

1,729 ± 38

16

1,974 ± 87

2,303 ± 38

-40 ± 27

578 ± 27

-532 ± 27

-373 ± 27

892 ± 27

1,047 ± 27

137 ± 27

1,709 ± 27

Compartment

Net GPS
Comparison

GPS Survey Comparisons

*Indicates only a portion of the site could be surveyed due to symbolic fencing around nesting shorebirds.
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Table 6 (continued). Volumetric change per-compartment and net volumetric change per comparison (m3). Compartment 1 is at the eastern
extent of Breezy Point Tip, Compartment 49 is at the western extent (Figure 7). Changes with negative values (also in red) indicate volumetric
loss, positive values (in black) indicate volumetric gain. Note: rows with grey indicate only a portion of the site could be surveyed due to symbolic
fencing around nesting shorebirds.
LiDAR
Comparison

LiDAR to GPS
Survey
Comparison

8/2010 11/2012

11/2012 03/2015

03/2015 5/2015*

5/2015 8/2015*

8/2015 11/2015

11/2015 2/2016

2/2016 5/2016*

5/2016 8/2016*

8/2016 11/2016

3/2015 11/2016

17

2,163 ± 100

1,060 ± 43

-69 ± 31

553 ± 31

-557 ± 31

-364 ± 31

1,007 ± 31

1,075 ± 31

16 ± 31

1,660 ± 31

18

2,035 ± 91

1,761 ± 40

-24 ± 28

573 ± 28

-491 ± 28

-443 ± 28

1,137 ± 28

1,113 ± 28

-225 ± 28

1,640 ± 28

19

1,599 ± 90

1,907 ± 39

98 ± 28

463 ± 28

-338 ± 28

-675 ± 28

1,106 ± 28

1,194 ± 28

-140 ± 28

1,707 ± 28

20

813 ± 87

1,895 ± 38

148 ± 27

468 ± 27

-221 ± 27

-887 ± 27

1,016 ± 27

1,382 ± 27

-318 ± 27

1,588 ± 27

21

473 ± 88

1,915 ± 38

262 ± 27

364 ± 27

-22 ± 27

-1,091 ± 27

994 ± 27

1,309 ± 27

-364 ± 27

1,450 ± 27

22

445 ± 92

1,805 ± 40

211 ± 29

463 ± 29

-38 ± 29

-1,009 ± 29

1,016 ± 29

1,144 ± 29

-253 ± 29

1,533 ± 29

23

343 ± 80

1,795 ± 35

170 ± 25

554 ± 25

-202 ± 25

-1,020 ± 25

773 ± 25

1,231 ± 25

-80 ± 25

1,427 ± 25

24

328 ± 82

1,702 ± 36

110 ± 25

577 ± 25

-373 ± 25

-739 ± 25

549 ± 25

1,228 ± 25

-230 ± 25

1,122 ± 25

25

499 ± 80

1,840 ± 35

191 ± 25

447 ± 25

-372 ± 25

-873 ± 25

426 ± 25

1,156 ± 25

-29 ± 25

947 ± 25

26

-130 ± 83

1,851 ± 36

160 ± 26

495 ± 26

-464 ± 26

-816 ± 26

280 ± 26

1,194 ± 26

-63 ± 26

786 ± 26

27

-513 ± 75

1,951 ± 33

-8 ± 23

664 ± 23

-421 ± 23

-1,009 ± 23

100 ± 23

1,132 ± 23

92 ± 23

548 ± 23

28

-909 ± 77

2,125 ± 33

69 ± 24

616 ± 24

-357 ± 24

-709 ± 24

-109 ± 24

1,060 ± 24

-132 ± 24

440 ± 24

29

-956 ± 84

1,752 ± 37

130 ± 26

522 ± 26

-538 ± 26

-668 ± 26

-204 ± 26

1,001 ± 26

-4 ± 26

239 ± 26

30

-1,047 ± 85

1,877 ± 37

228 ± 26

504 ± 26

-463 ± 26

-783 ± 26

-222 ± 26

923 ± 26

-66 ± 26

118 ± 26

31

-1,187 ± 78

1,792 ± 34

162 ± 24

498 ± 24

-468 ± 24

-906 ± 24

-265 ± 24

900 ± 24

350 ± 24

271 ± 24

32

-1,118 ± 76

2,227 ± 33

60 ± 24

450 ± 24

-404 ± 24

-862 ± 24

-147 ± 24

902 ± 24

185 ± 24

184 ± 24

Compartment

Net GPS
Comparison

GPS Survey Comparisons

*Indicates only a portion of the site could be surveyed due to symbolic fencing around nesting shorebirds.
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Table 6 (continued). Volumetric change per-compartment and net volumetric change per comparison (m3). Compartment 1 is at the eastern
extent of Breezy Point Tip, Compartment 49 is at the western extent (Figure 7). Changes with negative values (also in red) indicate volumetric
loss, positive values (in black) indicate volumetric gain. Note: rows with grey indicate only a portion of the site could be surveyed due to symbolic
fencing around nesting shorebirds.
LiDAR
Comparison

LiDAR to GPS
Survey
Comparison

8/2010 11/2012

11/2012 03/2015

03/2015 5/2015*

5/2015 8/2015*

8/2015 11/2015

11/2015 2/2016

2/2016 5/2016*

5/2016 8/2016*

8/2016 11/2016

3/2015 11/2016

33

-1,483 ± 85

2,219 ± 37

141 ± 26

350 ± 26

-371 ± 26

-562 ± 26

-172 ± 26

926 ± 26

6 ± 26

317 ± 26

34

-1,906 ± 84

2,567 ± 36

200 ± 26

193 ± 26

-376 ± 26

-515 ± 26

-229 ± 26

884 ± 26

184 ± 26

341 ± 26

35

-1,926 ± 80

2,210 ± 35

135 ± 25

271 ± 25

-366 ± 25

-432 ± 25

-244 ± 25

865 ± 25

213 ± 25

441 ± 25

36

-2,312 ± 92

2,217 ± 40

-2 ± 28

292 ± 28

-373 ± 28

37 ± 28

-195 ± 28

758 ± 28

45 ± 28

562 ± 28

37

-2,331 ± 80

2,435 ± 35

-117 ± 25

252 ± 25

-617 ± 25

78 ± 25

-247 ± 25

674 ± 25

82 ± 25

106 ± 25

38

-2,673 ± 90

2,300 ± 39

-56 ± 28

98 ± 28

-593 ± 28

78 ± 28

-256 ± 28

726 ± 28

76 ± 28

75 ± 28

39

-2,597 ± 84

2,365 ± 37

85 ± 26

86 ± 26

-487 ± 26

-103 ± 26

-250 ± 26

682 ± 26

248 ± 26

261 ± 26

40

-2,507 ± 89

3,013 ± 39

-84 ± 28

296 ± 28

-801 ± 28

294 ± 28

-380 ± 28

700 ± 28

306 ± 28

330 ± 28

41

-2,699 ± 82

3,147 ± 35

-274 ± 25

463 ± 25

-490 ± 25

175 ± 25

-366 ± 25

533 ± 25

437 ± 25

479 ± 25

42

-3,113 ± 83

2,821 ± 36

-185 ± 26

283 ± 26

-329 ± 26

95 ± 26

-209 ± 26

89 ± 26

658 ± 26

401 ± 26

43

-3,053 ± 88

2,436 ± 38

16 ± 27

98 ± 27

-236 ± 27

76 ± 27

-12 ± 27

-445 ± 27

465 ± 27

-38 ± 27

44

-3,011 ± 98

2,301 ± 43

-59 ± 30

309 ± 30

-380 ± 30

261 ± 30

-107 ± 30

-506 ± 30

124 ± 30

-360 ± 30

45

-2,085 ± 76

2,611 ± 33

-20 ± 23

423 ± 23

-436 ± 23

575 ± 23

-259 ± 23

-602 ± 23

239 ± 23

-81 ± 23

46

-543 ± 59

3,064 ± 26

240 ± 18

372 ± 18

-321 ± 18

146 ± 18

-407 ± 18

-721 ± 18

201 ± 18

-493 ± 18

47

-70 ± 46

2,357 ± 20

369 ± 14

468 ± 14

-564 ± 14

-204 ± 14

-409 ± 14

-804 ± 14

85 ± 14

-1,060 ± 14

48

185 ± 10

630 ± 4

581 ± 3

161 ± 3

-559 ± 3

-199 ± 3

-470 ± 3

-241 ± 3

-1 ± 3

-729 ± 3

Compartment

Net GPS
Comparison

GPS Survey Comparisons

*Indicates only a portion of the site could be surveyed due to symbolic fencing around nesting shorebirds.
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