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Abstract

:

Nearshore nourishment is a common coastal flood risk management technique that can be constructed beneficially by using dredged sediment from navigation channels. A nearshore nourishment project was completed during the summer of 2021 in Harvey Cedars, NJ, USA, with 67,500 m3 of dredged sediment from Barnegat Inlet placed along approximately 450 m of beach in a depth of 3–4 m. In situ instruments were installed to monitor hydrodynamic conditions before and after dredged material placement, and nine topographic and bathymetric surveys were conducted to monitor nearshore morphological response to the nourishment. Shoreline location was extracted from satellite imagery using CoastSat software to compare historical trends to the shoreline response after construction. Seven months after construction, 40% of the nearshore nourishment was transported from the initial footprint and the centroid of the nourishment migrated towards shore and alongshore (north). The sheltering capacity of the nearshore berm appears to have captured an additional 58% of the placed volume from the longshore transport system and the beach width onshore of the placement increased by 10.9 m. Measured data, satellite imagery analysis, and rapid predictions all indicate that the nearshore nourishment at Harvey Cedars had a positive impact on the adjacent beach.
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1. Introduction


Nearshore nourishments are a common flood risk management technique used extensively around the world [1,2,3,4,5,6]. In the United States (US), nearshore nourishment projects are a common technique to beneficially use dredged sediment from navigation channels. From 2015 to 2020, the US Army Corps of Engineers (USACE) placed 28 Mm3 in nearshore littoral systems [7], which allows natural forces to redistribute the material and nourish the broader beach profile [8,9]. The primary objective of these nearshore beneficial use projects is to retain the sediment in the littoral system. Nearshore nourishment can beneficially use dredged sediment that is not suitable for a direct beach placement because the fine material is naturally winnowed from the placement by wave action [10,11]. Additional flood risk management benefits include nourishing the beach profile, breaking waves farther offshore [12], and extending the life of co-located subaerial beach nourishments [13].



Subaerial beach nourishment has been the leading form of coastal protection in the US for the last four decades [14] and commonly uses sediment from offshore sources. Direct subaerial nourishment is more expensive than nearshore nourishment [8], and sheltering the subaerial nourishment from erosive storm conditions using a co-located nearshore nourishment may have significant financial benefit. Consequently, some nearshore nourishments are placed in concentrated footprints as nearshore berms, which may have the capacity to break waves farther offshore and reduce their erosive potential [12,15]. This potential to dissipate wave energy farther offshore has inspired research into co-located nearshore nourishments and subaerial beach nourishments [16].



Prior research suggests that the morphologic change around shallow nearshore nourishments results from two processes: (1) capturing alongshore sediment transport in the lee of the berm as waves break farther offshore, and (2) onshore transport driven by shoaling waves [17]. Both processes manifest as erosion in the placement footprint and accretion on the lee side of the placement. Placement monitoring via topographic and bathymetric surveys without direct sediment transport measurements can make it difficult to distinguish between these two nearshore processes in dynamic coastal environments. In one example where transport direction could be resolved (the nearshore nourishment tracer study in the controlled environment of the large-scale sediment transport facility [18]), the measurements suggested that alongshore transport can dominate the removal of material from the placement footprint in some settings [19]. In the field, nearshore nourishments are generally observed to migrate onshore, with a smaller number of placements remaining stable [20,21,22,23,24].



Although the nearshore placement of dredged sediment is common practice, the critical questions of how often the sediment will be mobilized, where the sediment will go, and how the shoreline will respond are often site-specific and remain poorly understood [22,24]. Nearshore nourishments have been studied with numerical modeling [25,26,27], physical modeling [28,29], and field measurements [10,14,22,30,31,32]. Although each method has its strengths and weaknesses, field monitoring is ideal in locations where projects are likely to be repeated because it allows for adaptive management of the project and improved outcomes of subsequent placements [33,34]. Monitoring nearshore nourishment projects commonly involves topographic and bathymetric surveys [35], hydrodynamic measurements [9,36], and shoreline response analysis from aerial imagery [37].



In the summer of 2021, sediment was dredged by the USACE Philadelphia District from the Barnegat Inlet federal navigation channel and used beneficially to construct a nearshore berm on the historically erosive beach at Harvey Cedars, NJ, USA [38,39]. To improve the understanding of the morphological evolution of nearshore nourishments and the adjacent beach response, this nearshore nourishment project was extensively monitored using a combination of in situ sensors and a series of topographic and bathymetric surveys. Satellite observations in conjunction with a trained machine learning algorithm were also utilized to track shore position at a higher temporal resolution and larger spatial extent than offered by traditional methodologies [40]. Knowledge gained from this monitoring will support future projects and advance the practice of nearshore nourishment.




2. Materials and Methods


2.1. Study Site


Harvey Cedars is a borough in Ocean County, NJ, USA, located along the barrier island of Long Beach Island approximately 110 km south of New York City, NY, USA (Figure 1a,b). Harvey Cedars has approximately 3 km of beach along the Atlantic Ocean. Wave Information Studies (WIS) hindcasts between 1976 and 1995 found Harvey Cedars had an average 0.9 m wave height and 6.4 s period from the southeast with most wave periods ranging from 5.0 to 9.0 s [41]. The site has a semi-diurnal tide range of 1.3 m [42]. A maximum wave height of 8.33 m and a 2% wave height of 3.22 m were recorded at the National Oceanic and Atmosphere Administration (NOAA) Station 44091 between 2015 and 2022 offshore of the project site. Harvey Cedars was selected to receive a nearshore nourishment because of an erosional hotspot identified along a stretch of shoreline within the Federal Coastal Storm Risk Management (CSRM) Project, which stretches for 26 km along Long Beach Island, NJ, USA. The Harvey Cedars beachfill portion of CSRM was originally completed in July 2010 [38] using 2.4 Mm3 of sediment, expanding the beach and burying a groin field (Figure 1c). Since that time, an emergency beachfill in 2013 used 1.2 Mm3 of sediment to repair damages to the beach and dune system after Hurricane Sandy, and 0.9 Mm3 of sediment was used for a periodic nourishment in 2018.



In July and August 2021, the USACE Philadelphia District placed 67,500 m3 of dredged sediment in the nearshore of Harvey Cedars, NJ, USA, approximately 100 m from shore ([38,39]; see Figure 1c). The sediment was dredged from Barnegat Inlet, a federal navigation channel located approximately 10 km north of the placement site. The dredged sediment consisted of sandy material with a median grain size of 0.42 mm. Barnegat Inlet was one of the 10 beneficial use pilot projects that the Water Resource and Development Act (WRDA) Section 1122 program established across the nation and was carried out by USACE Philadelphia District in partnership with the NJ Department of Environmental Protection. The nearshore nourishment was constructed using the USACE’s split hull hopper dredge Murden to remove sediment from shoals in the channel and transport dredged material south to Harvey Cedars. The Murden has a hull capacity of 380 m3 and could complete a trip, which includes dredge time and travel to and from the site, in approximately 3 h. The design of the nearshore berm consisted of four 150 m wide shore-parallel boxes with their landward side at the −2.75 m NAVD88 contour line (Figure 1c). Vessel heading lines were spaced every 15 m, and the dredge was instructed to “nose in” along the placement line and then split the hopper to place the sediment as shallow as possible given the tide. The average placement depth was 3–4 m. The dredge began construction at the north end of the southernmost box and placed multiple loads per line before progressing north. Approximately halfway through construction, the dredge reduced the number of drops per line to develop a longer berm [39], resulting in the northern half of the berm being less prominent when compared to the southern end.




2.2. In Situ Instruments


A variety of hydrodynamic data were collected at 3 locations in the area around the nearshore nourishment with 3 distinct water depths to measure the forcing of the morphological response to nearshore nourishment. From 23 June 2021 to 10 May 2022, an RBR Virtuoso pressure sensor was deployed 630 m north of the nearshore nourishment in 1.5 m of water. Another pressure sensor was deployed landward of the nearshore nourishment at the same time in a similar water depth, but the data could not be recovered. Pressure measurements from the surviving RBR sensor were converted to bulk wave statistics to quantify nearshore wave characteristics in the immediate vicinity of the nearshore nourishment. The instrument was installed in close proximity to buried groins that periodically became exposed during the project monitoring and may have influenced the nearshore wave characteristics. The measurements from the RBR sensor are described in greater detail in the Results section. From 7 December 2021 to 15 April 2022, an ADCP measured water level and vertical velocity profiles in 8 m of water on the seaward edge of the nearshore nourishment at 4 Hz for 34 min each hour. These data were collected for future numerical model validation at the site. A Sofar Spotter buoy collected hourly wave spectra approximately 3 km offshore of the site in 15.2 m of water (Figure 1b). The buoy collected wave data between 1 July 2021 and 17 December 2021, after which it became unmoored. After 17 December 2021, wave data from NOAA Station 44091 were substituted to understand wave conditions offshore of the nourishment and calculate sediment transport rates. Information about sensor deployments is summarized in Table 1.




2.3. Site Evaluation for Nearshore Nourishment


Several commonly applied techniques have been previously developed to rapidly assess potential nearshore nourishment sites [24]. These include approximating the depth of closure [43,44,45,46], frequency sediment placed in the nearshore will be mobilized [47], the cross-shore transport direction [48], and comparing the potential site to historical projects [20]. All of these techniques can be applied in the interactive Sediment Mobility Tool web application [49] and the methods are detailed here.



The depth of closure is the depth beyond which repeated beach profiles compiled over time converge [50] or the depth along a beach profile where there is not significant sediment transport from nearshore processes [51]. Hallermeier [43,44] further defined an inner depth of closure and outer depth of closure. The outer depth of closure (   h i   ) is the depth at which waves cause minimal sediment transport and is calculated as


   h i  =  (     H s   ¯  −  σ s   )     T s   ¯     (   g  5000    d  50      )    0.5    



(1)




where      H s   ¯    is the mean annual significant wave height,    σ s    is the significant wave height standard deviation,      T s   ¯    is the average period associated with      H s   ¯   ,  g  is the gravitational constant, and    d  50     is the median sediment grain size. The inner depth of closure (   h l   ) is the seaward boundary for the littoral zone where the bed experiences increased significant stresses and sediment transport from wave near breaking and nearshore circulation. The inner depth of closure is the appropriate limit for the shoreline response and beach nourishment projects [52]. The equation to calculate the inner depth of closure (   h l   ) is given by Hallermeier [43] as


   h l  = 2.28  H e  − 68.5  (     H e 2    g  T e 2     )   



(2)




where    H e    is the effective wave height, or the wave conditions exceeded only 12 h per year (largest 0.137% waves in a year), and    T e    is the wave period associated with    H e   . Birkemeier [45] evaluated Equation (2) using high fidelity bathymetric profiles from the USACE Field Research Facility in Duck, NC, USA from June 1981 to December 1982, and found the more appropriate coefficients for the equation for this site to be


   h l  = 1.75  H e  − 57.9  (     H e 2    g  T e 2     )   



(3)







Hands and Allison [20] compared the Hallermeier inner (Equation (2)) and outer (Equation (1)) depth of closure values at 11 historical nearshore berm sites to analyze the relationship between the equations and whether the placements were stable or active. Stable berms maintained most of the placed volume for years, whereas the active berms dispersed within months. All the berms built shallower than the inner depth of closure were active, and the one nearshore berm built deeper than the outer depth of closure was stable. This analysis was expanded by McFall et al. [24] to include a total of 20 historical projects, and similar trends emerged.



Another technique to estimate how active a nearshore nourishment will be at a site is to calculate how often placed sediment is expected to be mobilized. This is calculated by the Sediment Mobility Tool in two different ways [47]. One method uses bed shear stress and linear wave theory using the technique described by Soulsby [53]. The critical bed shear stress to initiate sediment mobility is calculated as


   τ  c r   =  θ  c r   g  (   ρ s  − ρ  )   d  50    



(4)




where    θ  c r     is the Shields parameter,    ρ s    is the sediment density, and  ρ  is the water density. The maximum bed shear stress is calculated using the bed shear stress induced by the waves and current as


   τ m  =  τ c   [  1 + 1.2    (     τ w     τ c  +  τ w     )    3.2    ]   



(5)




and


   τ  m a x   =  [     (   τ m  +  τ w  c o s ϕ  )   2  +    (   τ w  s i n ϕ  )   2   )   ]  1 / 2    



(6)




where    τ m    is the mean bed shear stress,    τ c    is the current induced bed shear stress,    τ w    is the wave induced bed shear stress, and  ϕ  is the angle between the wave and current direction. To quantify the average normalized difference of the maximum shear stress and the critical threshold, the mean mobility score ( M ) is calculated as


  M =    (     τ  m a x   −  τ  c r      τ  c r      )   ¯   



(7)







The second method to calculate the sediment mobility uses the near-bottom velocity and nonlinear stream function wave theory using a procedure described by Ahrens and Hands [21]. The critical near-bottom velocity (   u  c r    ) for sediment with grain size diameter less than 2 mm is calculated as


   u  c r   =   8 g γ  d  50      



(8)




where   γ =  (   ρ s  − ρ  )  / ρ  . The maximum wave induced near-bottom velocity for the wave crest and wave trough are calculated as


   u  max c r e s t   =  (   H T   )     (   h   L o     )    − 0.579   exp  [  0.289 − 0.491  (   H h   )  − 2.97  (   h   L o     )   ]   



(9)




and


   u  max t r o u g h   = −  (   H T   )  exp  [  1.966 − 6.70  (   h   L o     )  − 1.73  (   H h   )  + 5.58  (   H   L o     )   ]   



(10)




where  H  is the wave height at the placement site,  T  is the wave period,  h  is the water depth, and    L 0    is the offshore wavelength given by    L 0  =  (  g    T 2   )  / 2   π  . The maximum near-bottom velocity was taken as    u  max   = max  (   |   u  max c r e s t    |  ,  |   u  max t r o u g h    |   )   . The mean mobility score for this method is calculated as


   M u  =    (     u  max   −  u  c r      u  c r      )   ¯   



(11)







For the site evaluation at this project, the Sediment Mobility Tool was applied using wave characteristics from the offshore WIS Station 63137 transformed to the nearshore depth of 4 m using Snell’s Law and conservation of energy flux. The sediment mobility analysis was applied to hourly hindcasts for 10 years (1 January 1990–31 December 1999).




2.4. Surveys


Nine topographic and bathymetric surveys were performed throughout the duration of this project. These surveys consisted of 26 lines of single-beam and RTK-GPS transects at 75 m spacing, combined with periodic multi-beam surveys in the immediate area surrounding the nearshore placement. Table 2 shows a summary of completed surveys and methods for the project. The location of the MHHW contour at 0.61 m NAVD88 was extracted at each of the transects for each survey. The survey data were then combined to create Digital Elevation Models (DEMs) for site analysis. A change map based on pre- and post-placement elevations was used to create a mask for the initial placement’s extent. Additional change maps between successive survey dates were created, and the berm mask was used to extract the placement area for sediment centroid calculations and volume change analysis.




2.5. Deflation Code


A method for generating order-of-magnitude estimates of sediment loss from a nearshore placement site was previously developed by Bain et al. [54]. Time series measurements of wave height, period, and direction are used to estimate longshore and cross-shore transport rates. The longshore transport (   Q y   ) is calculated using the equation by Shaeri et al. [55] as


     Q y   T p     H b 3    =   3 ×   10   − 4      (  1 − a  )       ρ w     ρ s  −  ρ w       (     H b     L 0     )    − 0.9      (     H b     d  50      )    0.2     s i n   0.5    (  2  θ b   )   



(12)




where    T p    is the peak wave period,    H b    is the breaking wave height, and a is the porosity that is set to 0.4. The coefficient in Equation (12) was calibrated using 47 longshore transport datasets from sites around the world [55]. The cross-shore transport (   Q x   ) is calculated per unit width using a modified method from Dronkers [56] as


   Q x  = α  [  − λ m 〈    |   u w   |   3  〉 + 〈    |   u w   |   2   u w  〉  (  1 − k  )   ]  c o s  θ  c r e s t    



(13)




where  α  and  λ  are empirical coefficients,  m  is the bed slope,    u w    is the near-bottom horizontal velocity,  k  is the critical velocity scaling term and is given as   k = min  [   u  c r   /  u w  m a x   ,   1  ]   , and    θ  c r e s t     is the wave angle over the crest of the nearshore berm. Angular brackets 〈 〉 indicate averaging over a wave period. The negative term in Equation (13) represents the gravity-driven offshore transport, whereas the positive term represents the wave-driven onshore transport. Hudson et al. [57] used a series of placements at the Columbia River mouth to optimize the empirical parameters in Equation (13) as   α = 3 ×   10   − 5     and   λ = 1.7  , which are retained as constants in the present study. Superimposing the longshore and cross-shore sediment transport rates predicted by Equations (12) and (13) and integrating over a specified time period yields an estimate of the total volume of sediment removed from the original placement footprint. The validation in Bain et al. [54] achieved acceptable order-of-magnitude deflation rate predictions at 11 historical nearshore placements along the Atlantic, Pacific, and Gulf Coasts of the United States with the same empirical parameters as Hudson et al. [57] and Shaeri et al. [55].



To test this methodology for the Harvey Cedars placement, the sediment transport algorithm was forced using Spotter Buoy wave measurements from 8 July 2021 until 9 December 2021. Wave data from NOAA Station 44091 (32 km northeast of the placement site at 25.6 m depth) were used to force the model from 9 December 2021 until 22 March 2022 due to the unmooring of the Spotter Buoy in mid-December. Conditions were not modeled following the March survey due to missing data from NOAA Station 44091 beginning in April until June. For both sources of wave data, the offshore significant wave height was transformed to height across the nearshore profile based on conservation of energy flux (e.g., Komar [50]), and the offshore wave direction was transformed to direction at breaking using Snell’s Law. Following the approach of Bain et al. [54], the placement’s geometric parameters were treated as time-invariant and were based on the shape and position of the sediment mound during the first post-placement survey on 25 August 2021, as summarized in Table 3.




2.6. Satellite Analysis


The open-source CoastSat tool [40] was used to track shoreline position in the vicinity of the placement from January 2001 to May 2022 using satellite imagery collected from the Landsat 5 and Landsat 8 missions. Landsat 5 collected imagery from 1984 to 2013, whereas Landsat 8 began in 2013 and is still ongoing. Both missions have revisit periods of 16 days, and 30 m pixel resolution across Red, Green, Blue, Near Infrared, and Short-wave Infrared 1 bands. This software toolkit uses a trained multi-layer perceptron algorithm to classify pixels in multispectral imagery as land or water and calculates the normalized difference water index (NDWI) from observations downloaded from Google Earth Engine’s public repository [40]. Otsu’s thresholding algorithm is applied to the pairs of categorized and NDWI rasters [58]. These thresholds attempt to depict the land-water interface at the time of observation. Each pansharpened image, overlaid with corresponding shoreline detection, has been checked to ensure that only high-quality detections are used in analysis. The resulting collection of quality-checked shorelines can be used to track the shoreline position through time. Satellite-derived shorelines were filtered using a 45-day moving average with a 15-day step to capture the rapid shoreline response to the nourishment.





3. Results


3.1. Wave Analysis


Wave conditions during the monitoring period are shown in Figure 2. At the Spotter buoy (3 km offshore of the placement site in 15.2 m of water), the mean and median significant wave heights were    H s    = 0.91 m and    H s    = 0.82 m, respectively, with a maximum of    H s    = 3.12 m (Figure 2a). The mean peak period was    T p    = 8.3 s, and the median was    T p    = 7.9 s. The most frequent offshore wave direction was between 90° and 120° relative to north (between 0° and 30° relative to shore-normal); however, waves between 120° and 180° relative to north (between –60° and 0° relative to shore-normal) were also common (Figure 2b). It should be noted that the Spotter buoy became unmoored after 17 December 2021, so the wave conditions in Figure 2a,b do not include data from winter storm waves.



Nearshore wave measurements from the RBR pressure gauge (630 m north of the nourishment, in approximately 1.5 m of water) indicate that smaller-amplitude, higher-frequency waves are most common near the placement site. For the same time period recorded by the Spotter buoy, the mean, median, and maximum nearshore significant wave heights were    H s    = 0.69 m,    H s    = 0.65 m, and    H s    = 1.73 m, respectively (Figure 2c). The mean peak period was    T p    = 6.4 s with a median of    T p    = 6.2 s. Over the full monitoring duration (23 June 2021 to 10 May 2022; Figure 2d), these values change to a mean    H s    = 0.60 m, median    H s    = 0.59 m, mean    T p    = 6.1 s, and median    T p    = 6.0 s.




3.2. Site Evaluation for Nearshore Nourishment


The Hallermeier inner and outer depths of closure were calculated to be 8.8 m and 14.0 m, respectively. The Birkemeier inner depth of closure was calculated as 6.7 m. The project placement depth is plotted in relation to the Hallermeier depth of closure values in Figure 3 for comparison with 20 historical nearshore nourishment projects. The placement depth was shallower than both the inner and outer depths of closure, indicating that this project is similar to highly active historical nearshore nourishment projects.



The frequency of sediment mobility was also calculated. The median grain size of 0.42 mm is estimated to be mobilized by 91% of the waves using linear wave theory and 95% of the waves using stream function theory, as shown in the histograms in Figure 4. The mobility scores greater than 2 indicate a very active site. Mobility scores less than 1 tend to be stable projects [23]. These rapid site evaluation techniques indicate the project site will be very active, nourishing the beach profile. The placed sediment is predicted to be mobilized frequently because the placement was constructed at a relative depth and wave climate similar to historically active projects.




3.3. Surveys


A total of 67,500 m3 of sediment was placed in the nearshore during the construction of the nearshore berm, and 26,700 m3 of sediment was transported away from the placement between the completion of construction in August 2021 and March 2022. Figure 5 shows the change in nearshore morphology during and after the construction of the berm. The centroid of the berm migrated toward the north throughout the surveys, with the exception of the June 2022 survey due to two Nor’easters that occurred in April and May. As seen in Figure 5b, sediment accretion occurred at the shoreline directly landward of the berm, as well as in the nearshore surrounding the initial placement. Minor avalanching of sediment on the seaward slope of the berm also occurred. Analysis of the three cross-shore transects drawn in Figure 5a shows the change in beach profiles throughout the surveys (Figure 6). Beach profile change was the most variable along the site transect post construction, with nearshore elevations increasing from the placement (Figure 6b). Between post-construction and the 22 March 2022 survey, the beach width above the MHHW line increased by 10.9 m before receding in the June 2022 survey.




3.4. Deflation Results


A time series of the predicted volumetric sediment transport rate at the placement site appears in Figure 7. Sediment loss within the placement footprint due to longshore transport remains near zero except during large wave events, when the breaking position is farther offshore (Figure 7a). Cross-shore removal of sediment from the placement site is predicted to occur more frequently (Figure 7b) but with a smaller maximum magnitude than calculated for the large longshore transport events that occurred in January and February 2022. Due to the shape of a wave under stream function wave theory (Equations (9) and (10)), the net transport over a single wave period tends to be onshore in shallow water. Instances of offshore transport predictions were considered minimal as they were 5 orders of magnitude smaller than onshore transport and were rounded to zero for our analysis. Time-integrating the volume loss rates in Figure 7 predicts that approximately 34,000 m3 of sediment was removed from the placement footprint via longshore transport between 25 August 2021 and 22 March 2022, whereas approximately 31,400 m3 was removed via cross-shore transport over the same time period for a total predicted volume loss of 65,400 m3 (Table 4), i.e., almost the entire placed volume of sediment. The actual volume loss from the original footprint over the same timespan was 26,700 m3, or a predictive error of 145% of the bulk volume removal rate.



Bain et al. [54] validated their results for total (longshore + cross-shore) sediment removal from 11 historical placement sites but had insufficient survey data to evaluate whether the direction of predicted transport was accurate. To further evaluate the algorithm’s ability to accurately predict relative proportions of longshore versus cross-shore sediment removal from a placement site, a grid surrounding the placement area was created and used to divide the bathymetric survey data (Figure 8). The change in sediment volume within each quadrant was then calculated for each pair of consecutive surveys. Between placement and March 2022, 16,000 m3 of sediment accreted directly onshore, 9900 m3 of sediment accreted directly offshore, 3200 m3 accreted north of the placement and 36,900 m3 accreted to the south of the placement (Figure 8). The surrounding area gained 145% more sediment than the placement area lost, indicating sediment from the longshore transport was retained in the project area. The previously noted predicted deflation of the nearshore nourishment (65,400 m3) is coincidentally similar to the total volume gained in the areas surrounding the nourishment area (65,700 m3), but the volume gain accounts for processes not accounted for in the predicted deflation.




3.5. Shoreline Change


Shoreline change in the study area was investigated with a combination of satellite imagery and surveys. Satellite images were analyzed from 2000 onwards to investigate long-term shoreline position, showing two major trends separated by the first of four nourishment projects. From 2000 until 2010, beach width remained stable with some seasonal variability. Starting with the first major recent nourishment in 2010, beach width increased up to 120 m at the site transect (Figure 9b). After project construction, subaerial equilibration was accelerated by Hurricanes Irene (2011) and Sandy (2012), and the satellite data shows the beach returned to pre-project width after approximately 36 months following a shoreline retreat rate of −39.3 m/year (Figure 9b). Hurricane Sandy triggered an emergency nourishment which returned the beach to roughly the 2010 post-nourishment width. Following the most recent beachfill in 2018, the satellite-derived shoreline appears to be remaining stable south of the site, but retreated up to 50 m at the site and 62 m north before the 2021 nearshore nourishment (Figure 9b). Following the 2021 nearshore nourishment at Harvey Cedars, surveys between October 2021 and March 2022 show the nearby shoreline generally advanced, with erosion in the southern half of the placement footprint (Figure 9a). Elevation data indicates that the shoreline retreated over much of the surveyed area between March and June 2022, generally eroding past the recent accretion (Figure 9a). The universal erosion shown in the June shoreline was due to a Nor’easter impacting the study site from 7 May 2022 to 12 May 2022.



Shore position was derived from satellite imagery at 49 transects at and near the placement area from the year preceding the placement to present to investigate alongshore spatial patterns more thoroughly (Figure 10). These changes are unfiltered and relative to 3 October 2020 shore position. The alongshore area in the immediate vicinity of the placement falls between the two black lines overlaying the image. All change values were subtracted by the average values of all transects to isolate local variation from trends seen across the region. CoastSat analysis generally captures the shoreline advance that the survey data indicated across much of the placement area following project construction, with more accretion near the center of the placement area. Comparison of the shoreline from surveys to CoastSat-derived shoreline allows for error quantification at specific transects. The shoreline farther north was generally erosive in CoastSat analyses over the same time span, typically underestimating the shoreline change with an average error of 5.10 m. Satellite analysis south of the placement area indicates a mix of shoreline accretion and erosion in this timespan; that is, the shoreline is less accretionary relative to inside the placement area. This was the most accurate of the three transects, with a 3.69 m underestimation error skewed by the October 2021 and June 2022 surveys. Alongshore patterns of satellite-derived shoreline change appear to indicate more accretion landward of the nearshore nourishment than in the surrounding area, although this section also has the greatest error, overestimating shoreline change by an average of 9.96 m when compared to elevation surveys.





4. Discussion


The combination of collected data and analyses performed for the nearshore nourishment at Harvey Cedars can be compared to further describe the placement evolution and the effectiveness of predictive capabilities. Elevation survey data indicates that the nearshore berm deflated by 40% between 25 August 2021 and 22 March 2022. During this timespan, the nearshore berm appears to merge with the local sandbar system. Shoreline position from elevation surveys shows accretion along the northern half of the placement until the June 2022 survey. Shoreline retreat in the June 2022 survey could be related to the impacts of large Nor’easters in April and May. In addition to shoreline advance, a large volume of sediment had accreted south of and onshore of the initial placement footprint in the March 2022 survey. Centroid tracking at the nearshore berm indicates migration to the north in all but the June 2022 survey, implying that the accretion south of the placement was on the updrift side. Updrift and onshore accretion and downdrift erosion would generally match the Van Duin et al. [17] predicted sediment transport pattern of longshore trapping at nearshore berms. Although the nourishment footprint deflated 26,700 m3, the survey area surrounding the nourishment gained 65,700 m3, or an additional 145% more than was deflated, which is similar to the observed morphological response at Terschilling [59] at a much smaller scale (67,500 m3 of placed sediment vs. 2 Mm3).



Shoreline advance is also visible in CoastSat analysis of satellite imagery, demonstrating the satellite extracted shoreline approach is capable of monitoring the evolution of coastal management practices such as nearshore nourishment. The nearshore berm at Harvey Cedars is the first to be investigated with CoastSat, enabling more frequent measurements at a higher alongshore resolution than is feasible with traditional survey methods. Satellite-derived shorelines show the most shoreline advance in the lee of the nearshore berm, which is corroborated by the large volumes of accretion onshore of the initial placement in the elevation surveys. The general agreement between elevation surveys and CoastSat results highlight the value of this new, low-cost measurement technique. The errors associated with the CoastSat extracted shoreline are due to temporal and spatial differences in wave setup and runup across the study site and dataset. When comparing to the survey extracted shorelines, this error may be influenced by survey and interpolation errors, although for this analysis we considered these errors to be minimal. With these considerations, the shoreline errors ranged between 3.69 to 9.96 m, consistent with previous applications [60]. Additionally, CoastSat results over the past 20 years show that the area is generally erosive between beachfill projects, providing relevant context for the shoreline gain observed following the nearshore nourishment. The long satellite record could be used during future feasibility studies to quantify background, natural shoreline variability in the system.



Observations suggest that the nearshore nourishment at Harvey Cedars had a positive impact on the adjacent beach, addressing a number of the factors that motivated beneficial use of dredged sediment at this location. This project provides the opportunity to assess the rapid modeling techniques that are used for nearshore nourishment siting. Volume change and centroid calculations from elevation surveys corroborate the Sediment Mobility Tool prediction that the placement would be very active. Nearshore berm deflation predictions following Bain et al. [54] are intended to provide order of magnitude estimates with a target of less than 200% error. This target is met for bulk removal rate predictions, with an error of 145%. Additionally, the fraction of predicted transport following Bain et al. [54] that is directed onshore (48%) is very similar to the measured ratio of onshore accretion to nearshore berm deflation (59%).



A number of factors could contribute to the relatively large deflation over-predictions. The methodology of Bain et al. [54] does not modify the nearshore berm shape as it deflates or reduce the volume of sediment available for transport. Keeping the same crest elevation causes an increased deflation bias, and considering the placement as an infinite sediment source does not prevent the deflation prediction to exceed the measured placement volume. The prediction of approximately equal alongshore sediment transport to the north and south is not supported by measured elevation data. This unrealistic prediction could be related to the simple shore-parallel contour assumption omitting bathymetry impacts that were important to wave transformation in this case. While these simplifications appear to impact prediction accuracy, bulk deflation rates have less than 200% error, and the ratio between predicted onshore and alongshore transport may be reasonable, which emphasizes the value of this rapid technique.




5. Conclusions


In the summer of 2021, the USACE Philadelphia District beneficially used material dredged from Barnegat Inlet in a 67,500 m3 nearshore nourishment at an erosional hotspot in Harvey Cedars, NJ, USA. This nearshore nourishment was extensively monitored to describe the morphology change of the placed feature and adjacent beach. Nine topographic and bathymetric surveys were conducted, covering pre-construction and the first 302 days following construction. Wave information was measured at 1.5 m, 8 m, and 15.2 m depths. These measurements indicate that the placement was active, and sediment was transported from the placement footprint. Elevation surveys show shoreline advance over much of the measured area, centroid movement onshore and generally to the north, and volume gain onshore and south of the initial placement footprint.



Between 25 August 2021 and 22 March 2022, elevation surveys indicate that the placement eroded by 40% of the original volume. The net sediment gain in the surveyed area is 39,000 m3, which is the deflation volume (26,700 m3) from the nourishment footprint subtracted from the volume gain in the surrounding area (65,700 m3). This indicates the sheltering capacity of the nourishment for 7 months captured 58% of the placed volume from the longshore transport.



This is the first nearshore nourishment project to be investigated with satellite imagery using CoastSat. When compared to observed shoreline change, satellite-derived shoreline errors range from 3.69 to 9.96 m, which is consistent with past work, and results match elevation survey observations of more accretion onshore of the placement and to the south. The high temporal frequencies and spatial coverage at which the CoastSat analysis can be conducted, and the low cost make this a useful addition to capture shoreline change between elevation surveys. It could allow for new capabilities at locations that have not historically been able to monitor nearshore nourishments extensively.



Observed elevation changes also generally match predictions from the rapid assessment tools. Frequency of sediment mobilization and depth of closure estimates from the Sediment Mobility Tool both suggest that the placement should be active. The deflation predictions following Bain et al. [54] also imply that the placement should be active, but the predicted bulk deflation rates exceeded measured values by 145%. Agreement between predicted and observed behavior demonstrate the utility of these rapid tools while planning and designing nearshore nourishments.



Measured data, CoastSat analysis, and rapid predictions all indicate that the nearshore nourishment at Harvey Cedars had a positive impact on the adjacent beach. Data collected can be used to improve numerical modeling capabilities of nearshore nourishments. Future work can quantify long-term benefits of the nearshore nourishment, including the financial savings to the subaerial CSRM project by beneficially placing dredged sediment in the nearshore.
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Figure 1. (a) Project location, (b) Barnegat Inlet and Harvey Cedars, and (c) the design extent of the nourishment divided into four 150 m wide sections. Vessel heading lines spaced at 15 m shown in red and blue circles denote drop locations. (c) contains Landsat/Copernicus imagery from Google Earth. 
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Figure 2. Distribution of offshore and nearshore wave conditions. (a) Wave height and period at the Spotter buoy, 3 km offshore of the placement site. (b) Wave direction at the Spotter buoy. The concentric circles indicate the number of hourly events, and all angles are relative to north. (c) Wave height and period at the RBR pressure gauge for the same time period shown in subplot (a). (d) Wave height and period at the RBR pressure gauge for the entire monitoring duration. 
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Figure 3. Relationship of the nearshore nourishment site to the Hallermeier depth of closure equations and compared to historical projects (adapted from McFall et al. [24] and Hands and Allison [20]). 
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Figure 4. Histograms of the (a) bed shear stress and (b) near-bottom velocity calculated for the nearshore placement. The vertical dashed lines are the thresholds to initiate sediment mobility for the respective grain sizes. 
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Figure 5. Change maps between pre- and post construction (a) and post construction and June 2022 survey (b). Within the placement area, the centroid of sediment was found and labeled for the surveys in August 2021, December 2021, March 2022, and June 2022. 






Figure 5. Change maps between pre- and post construction (a) and post construction and June 2022 survey (b). Within the placement area, the centroid of sediment was found and labeled for the surveys in August 2021, December 2021, March 2022, and June 2022.



[image: Jmse 10 01622 g005]







[image: Jmse 10 01622 g006 550] 





Figure 6. Beach profiles along the most northern transect (a), a transect within the placement area (b), and a transect south of the placement (c). MHHW (black solid line) is 0.61 m, and MLLW (black dashed line) is −0.79 m. The nearshore berm is seen in the August 2021 survey in (b) between 165 and 285 m. 
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Figure 7. Time series of predicted volumetric sediment transport away from the original placement footprint based on the algorithm of Bain et al. [54]. In subplot (a), transport is directed alongshore towards the south when positive and alongshore towards the north when negative. In subplot (b), transport is directed onshore when positive and offshore when negative. Note that the cross-shore transport rate is for the entire shore-parallel length of the placement footprint (i.e., not unit width). 
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Figure 8. Sediment volume change grid between 25 August 2021 and 22 March 2022 surveys in m3. The initial placement area is in the center of the grid, indicated by lighter shading. 
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Figure 9. Change in mean shoreline extracted from the surveys (a), extracted shoreline from satellite imagery over the past 20 years (b), and comparing satellite extracted shoreline and survey extracted shoreline after construction (c). For the elevation surveys, shoreline change is relative to the post-construction August survey, groin locations are the dashed black lines, and the placement area is highlighted in grey. Previous subaerial beach nourishment projects are shown with solid red lines, with a dashed red line representing the 2021 nearshore nourishment (b), and DEM extracted shorelines are depicted as circles (c). 
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Figure 10. Change in raw shoreline extracted from the satellite imagery relative to the 3 October 2020 shoreline and normalized using the mean of all transects to remove tidal influences. The vertical solid lines show the along shore position of the nearshore nourishment, and the horizontal dashed lines frame the time of construction. 
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Table 1. Sensor deployment information.
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	Sensor
	Location
	Approximate Depth
	Timing





	RBR Virtuoso

(Pressure)
	630 m North of the nourishment
	1.5 m
	23 June 2021 to 10 May 2022



	Nortek Signature 1000

(ADCP)
	Seaward of the nourishment
	8.0 m
	7 December 2021 to 15 April 2022



	Sofar Spotter buoy

(Spectral wave info)
	3 km offshore of nourishment
	15.2 m
	1 July 2021 to 17 December 2021
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Table 2. Survey information.






Table 2. Survey information.





	Survey Type
	Date
	Period
	Notes





	Single-Beam
	13 May 2021
	Pre-Nourishment
	-



	Multi-Beam
	22 July 2021
	During Construction
	-



	Multi-Beam
	28 July 2021
	During Construction
	-



	Multi-Beam
	9 August 2021
	During Construction
	-



	Single- and Multi-Beam
	25 August 2021
	Post Placement
	6 days post construction



	Single- and Multi-Beam
	13 October 2021
	Post Placement
	55 days post construction



	Single- and Multi-Beam
	9 December 2021
	Post Placement
	112 days post construction



	Single-Beam
	22 March 2022
	Post Placement
	215 days post construction



	Single-Beam
	17 June 2022
	Post Placement
	302 days post construction
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Table 3. Site parameters used to generate order-of-magnitude predictions of the sediment volume loss from the Harvey Cedars placement site.
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	Parameter
	Value (Treated as Time-Invariant)





	Shore angle
	210°



	Landward boundary of initial placement footprint
	168 m



	Cross-shore distance to initial placement crest
	198 m



	Seaward boundary of initial placement footprint
	290 m



	Water depth at landward placement boundary
	3.0 m



	Water depth at initial placement crest
	2.5 m



	Water depth at seaward placement boundary
	7.9 m



	Shore-parallel length of placement
	427 m



	Representative beach slope
	0.03



	d50 of placed sediment
	0.42 mm



	Water density
	1025 kg/m3



	Sediment density
	2650 kg/m3



	Sediment porosity
	0.4
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Table 4. Predicted volume of sediment lost from the original placement footprint between consecutive bathymetric surveys and the full monitoring duration. Values are rounded to the nearest hundred.
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tstart

	
tend

	
Predicted Volume Loss from Original Placement Footprint between tstart and tend (m3) *




	
Southward

	
Northward

	
Onshore

	
Offshore

	
Sum of All Directions






	
25 August 2021

	
13 October 2021

	
1800

	
1200

	
7100

	
0

	
10,100




	
13 October 2021

	
9 December 2021

	
2900

	
1800

	
7500

	
0

	
12,200




	
9 December 2021

	
22 March 2022

	
12,000

	
14,300

	
16,800

	
0

	
43,100




	
25 August 2021

	
22 March 2022

	
16,700

	
17,300

	
31,400

	
0

	
65,400








* From 25 August 2021 to 9 December 2021, the sediment transport model is forced using wave data from the Spotter Buoy. After 9 December 2021, the model is forced using wave data from NOAA Station 44091. Regardless of the data source, wave direction and height were transformed to nearshore values using Snell’s Law and conservation of energy flux.
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