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Abstract: Sea level rise and natural disasters, such as hurricanes and tropical storms, are resulting
in coastal erosion-related problems across the US. Beach nourishment is one of the most commonly
adopted solutions for erosion mitigation. Borrow sources for nourishment are often from offshore
or upland mines. However, in some areas, sediment availability from known borrow sources is
becoming scarce. This suggests that sediment should be considered a non-renewable resource
within the framework of long-term planning and coastal management decisions. Regional Sediment
Management (RSM), or the beneficial use of dredge material (BUDM), targets inlets for borrowing
material and can also be a more cost-efficient strategy that has widely been supported by the US Army
Corps of Engineers as a system-based approach. However, not all states have embraced this approach,
and a national-scale evaluation of these projects in coastal management and adaptation is needed.
This study examines past RSM/BUDM projects in the top ten most highly nourished states in the US
and compares those trends to a selection of minimally nourished states from different coasts. Based
on the historical trends identified, the volume of sediment required for future RSM/BUDM projects
in these areas over the next 50 years is predicted using Auto Regressive Integrated Moving Average
(ARIMA) models. Although growth in the total number of RSM/BUDM projects was measured
over time, there was a decline in the volume of sediment placed for these projects. Results of the
forecasting model suggest that CA, NC, and the FL Gulf Coast could require the highest volume of
sediments for RSM/BUDM activities over the next 50 years. Based solely on proximity to inlets for
sediment resources, DE, FL Atlantic, and NJ coasts are potential beaches that can increase BUDM
activities. This study aims to provide a framework to evaluate the suitability of future RSM/BUDM
projects in efforts to mitigate coastal erosion.

Keywords: coastal erosion; sediment resources; inlet-adjacent beaches; RSM; BUDM; ARIMA

1. Introduction

US coastal states are threatened by climate change, sea level rise, tropical and extrat-
ropical storms, and inundation [1-3]. For several decades, beach nourishment has been a
practical and environmentally sustainable engineering method for restoring and protecting
shorelines [4,5]. It is a versatile approach that can be applied both in emergency situa-
tions, such as mitigating storm-induced erosion, and in long-term regional management
strategies that aim to counteract erosional tendencies and enhance resilience to climate
change [6,7]. Beach nourishment serves the multi-purpose of providing storm and flood
damage reduction while enhancing recreational, economic, and habitat potential.

One of the major challenges for beach nourishment as a coastal management strategy
is the scarcity of beach-compatible sediment resources and the cost involved in dredg-
ing offshore borrow sources [8]. This can limit the feasibility and effectiveness of beach
nourishment efforts, particularly in areas with high erosion rates or that have greater
than average vulnerability to storm damage. In response, the United States Army Corps
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of Engineers (USACE) implemented Reginal Sediment Management (RSM) in 1999 with
the objective of optimizing sediment use and managing projects through a system-based
approach. RSM includes and promotes navigational waterway dredging, flood and storm
damage reduction, and environmental practices by enhancing the planning, construction,
and maintenance of projects, resulting in the exchange of sediments naturally [9]. With
the threat from coastal erosion and shortage of sediments, RSM adaptation plays a vital
role in maintaining coastlines and enhancing the resilience of coastal communities. RSM
includes sediment modeling, regional planning, and beneficial use of dredged material
(BUDM) [10]. The objective of this study is to analyze historical RSM/BUDM activities in
the United States and use those trends to project future needs while also identifying new
potential beaches that could benefit from increasing projects constructed with RSM/BUDM,
given their proximity to an inlet.

Federal authorization of dredging is mandated to safely operate approximately 40,000
km of navigation channels and 400 harbors [11]. Most non-contaminated dredged material
can be beneficially reused [12], such as for beach nourishment, habitat restoration, creation
and development, structural and shore protection, recreation, etc. [13]. RSM/BUDM is one
of the sediment management tools in which sediment dredged primarily for navigation and
harbor construction is then used to enhance the coastline and provide habitat. States such as
Florida, New York, New Jersey, and Louisiana have frequently implemented using dredged
sediments from the navigational waterways for beach and dune nourishment [13-16].
RSM/BUDM is widely considered a sustainable sediment management practice [17] that
considers both the issue of sediment scarcity and the reduction in costs associated with
traditional beach nourishment practices (e.g., versus using offshore sediment sources).

A systematic evaluation of historical trends in RSM/BUDM projects is presented to
elucidate potential future sediment requirements. This study examines patterns in existing
and historical RSM/BUDM projects to forecast and gain insights into future sediment
needs at the regional scale for beneficial placement as beach nourishment. Specifically,
the objectives are (1) to evaluate national, long-term RSM/BUDM trends in select coastal
states and to compare with non-RSM projects, (2) to forecast sediment volumes required
for RSM/BUDM projects for the next 50 years, and (3) to identify new prospective beaches
for RSM/BUDM projects that are situated in close proximity to inlets.

2. Materials and Methods

The beach nourishment database maintained by the American Shore & Beach Preserva-
tion Association provides information on national beach nourishment activities, including
location, length, volume placed, sediment source, and cost. Although this database is
updated annually with crowd-sourced and verified information, it is noted that this ap-
proach may lead to inaccuracies or gaps in data coverage. These data (updated through
2021) were used to quantify RSM/BUDM and non-RSM activities for the top ten most
highly nourished states [4] in comparison to five selected states without a high volume
of nourishment activities (i.e., one from each coast: North Pacific, Gulf of Mexico, Mid-
Atlantic, North Atlantic, and Great Lakes) (Figure 1). The Florida projects are divided into
the Atlantic and Gulf coasts in the analysis, as these two coasts have unique morphological
features and coastal processes (i.e., the Gulf coast is a marginal sea whereas the Atlantic
is an Amero-trailing edge [18]). For this study, only the number of projects, volume of
sediment placed for each project, and year of nourishment event were analyzed.

Based on the trends in existing and historical volume placed, future sediment needs
for the next 50 years were forecasted. The Auto-Regressive Integrated Moving Average
(ARIMA) model was utilized to obtain future projections. The ARIMA (p, d, q) model is a
type of time-series modeling (Nau, 2021) that can be used to predict future values based on
past observations. In ARIMA, ‘p’ is the number of autoregressive (AR) terms, which are
lagged values of the dependent variable (volume in this case) used to predict future values.
The ‘d’ parameter is the number of differences needed to make the time series stationary,
i.e., to remove the trend and seasonality. If d = 0, it means the original series is stationary.
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The ‘q’ parameter is the number of moving average (MA) terms, which are lagged errors of
the prediction equation used to forecast future values.
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Figure 1. Map showing the top ten most nourished states (yellow dotted) and five states selected for
comparison (blue lines).

Using the statistical software R version 4.2.3, the ARIMA model was fitted using the
‘arima()” function [19]. The function takes time-series objects as input specified by the
‘ts()” function. For the order of (p, d, q), multiple values were tested, and (1, 0, 1) were
considered as the most fitted parameters. The best-fit model was considered based on an
accuracy test, which provides Root Mean Square Error (RMSE) and a Ljung-Box test. The
Arima() function then estimates the parameters of the model using maximum likelihood.
ARIMA (1, 0, 1) model uses the following equation:

Ye=p+axy 1+e+0xe

where Y; is the value of the time series at time ¢, i is the mean of the time series, « is the au-
toregressive coefficient, ¢; is the error term at time ¢, and 6 is the moving average coefficient.

The ARIMA (1, 0, 1) model was then used to make predictions about future volumes
needed for the time series by specifying the number of periods (i.e., 50 years) to be forecasted
using the ‘forecast()’ function. This function returns a forecast object that contains the
predicted values, along with the confidence intervals. The accuracy of the model was then
assessed using the ‘accuracy()’ function that provides Root Mean Square Error (RMSE).
The RMSE of the model measures the average magnitude of the errors between predicted
and observed values in a time-series dataset. Lower RMSE values indicate better model
performance, as they indicate smaller discrepancies between predicted and observed values.
The “Box.test()’ function was used to perform the Ljung-Box test [20] for autocorrelation
of residuals in the model. This test is an important tool in evaluating the ‘goodness of
fit.” The results of the test provided a p-value to determine if the model is a good fit. A
significant p-value (<0.05) suggests that there is still autocorrelation left in the residual, and
the model needs further refinement. On the other hand, a non-significant p-value (>0.05)
suggests that there is no significant evidence of residual correlation, suggesting the model
fits these data well. Modeling was performed, and accuracy tests were obtained for each
state individually.
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Proximity to inlets and sediment trapping efficiency plays a vital role in leveraging
RSM/BUDM principles [21]. To evaluate the geographical distribution of inlet availability
and RSM/BUDM projects, both were mapped in GIS. Structured, half-structured, and
unstructured inlets were delineated by analyzing aerial imagery from Google Earth. Each
inlet was plotted as a point datum by zooming into the imagery along the coast. These
points were then exported to GIS. A buffer tool was applied to the inlet (only structured and
half-structured) data set to obtain a 10 km radius polygon. Structured /half-structured inlets
were chosen based on their likelihood of regular maintenance and potential as sediment
sources. These types of inlets may indicate a higher probability of nourishment activities
on the adjacent beaches, given the likelihood of trapping longshore transported sediment.
Additionally, the relatively stable channel morphology compared with unstructured inlets
(i.e., ease of migration) makes them reliable sources of sediment. The intersect tool was
then utilized to obtain the non-RSM projects within the 10 km buffer to the inlets to explore
beaches within the scope for RSM/BUDM projects in the future.

3. Results

The distribution of both RSM/BUDM and non-RSM projects was obtained through
GIS analysis for the top ten nourished states, as well as five additional states (Figure 2).
In the top ten most nourished states, 1252 projects were classified as RSM/BUDM out
of a total of 2804 beach nourishment (BN) projects, accounting for 45% of nourishment
activity. California had the highest number of RSM/BUDM projects, with a total of 542 BN
projects placing 278,987,069 m? of sediment, of which 432 were classified as RSM/BUDM
projects with 198,749,497 m? of sediment (Table 1). Massachusetts and North Carolina had
the next highest RSM/BUDM activity. In the five non-highly nourished states, 319 of 453
beach BN projects were classified as RSM/BUDM, accounting for 70% of nourishment
activities. In Michigan, 306 of the 309 total BN projects were classified as RSM/BUDM,
with 6,704,265 m? of dredged sediment placed (Table 2).
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Figure 2. Geographical distribution of RSM/BUDM (red) and non-RSM (blue) projects in the top ten
most nourished states (yellow dotted) and selected five states (blue lines).
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Table 1. Number of RSM/BUDM projects and volume of sediment placed in top ten states.

State RSII)VI/].SUDM RSM/BUDI;/I Tota.l No. of Total Vol.
rojects Volume (m?) Nourishments (m3)

California (CA) 432 198,749,497 542 279,857,591

Massachusetts (MA) 270 4,518,063 382 9,339,393
North Carolina (NC) 187 46,591,982 323 125,377,393
C(I:;‘s’tri(%iitir:tifc) 115 32,648,379 392 149,050,294
Delaware (DE) 66 7,486,293 250 31,691,417
Floriéi%‘ﬂlff)coa“ 60 26,258,041 288 105,776.492
New York (BY) 53 31,476,318 145 125,246,471
Texas (TX) 36 12,603,678 103 21,179,732
South Carolina (SC) 20 2,819,519 86 49,679,669
New Jersey (NJ) 13 820,658 293 158,112,954

Table 2. Number of RSM/BUDM projects and volume of sediment placed in the comparison states.

State RSM/BUDM RSM/BUDM Total No. of Total Vol.
Projects Volume (m?3) Nourishments (m?)

Michigan (MI) 306 6,704,265 309 6,849,148

Washington (WA) 5 1,747,020 11 1,868,446

Alabama (AL) 4 1,127,865 12 17,366,249

Connecticut (CT) 3 62,694 41 4,787,393

Virginia (VA) 1 764,555 80 28,812,424

Comparing the costs of RSM/BUDM and non-RSM projects reveals significant insights
into the efficiency and cost-effectiveness of these two approaches (Table 3). In the case of
non-RSM projects, a total of 1532 projects were analyzed, with an average cost of $8 per
cubic meter and an average cost-per-project of $3,521,361. The average cost per cubic meter
was notably lower at $5, signifying the cost-efficiency achieved through the RSM/BUDM
approach. The cost per project, averaging $1,439,013, further reinforces the economic
advantages of Regional Sediment Management. Delaware (DE) projects a significant
cost change through RSM/BUDM, with a notable reduction in the cost-per-project from
$1,941,832 to $698,750, indicating an increasingly efficient approach in the state. Florida
Atlantic coast exhibits a considerable cost reduction per project after adopting RSM/BUDM,
dropping from $3,655,093 to $2,402,913. These findings feature the benefits of RSM/BUDM
projects in achieving cost-efficient beach nourishment. By optimizing sediment use and
adopting a system-based approach, RSM/BUDM significantly reduces the financial burden
per project, which is particularly crucial in the context of ongoing coastal management and
the increasing demand for coastal resilience.
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Table 3. Comparison of cost/m? and cost-per-project between non-RSM and RSM/BUDM projects.

Non-RSM RSM/BUDM
State No. of Projects  Avg Cost/m3 (§)  Cost-per-Project  No. of Projects Avg Cost/m> (§)  Cost-per-Project
CA 106 2 $1,479,883 432 2 $917,287
MA 104 8 $357,105 270 16 $263,895
NC 136 6 $3,550,184 187 8 $2,098,106
FL Atlantic 272 9 $3,655,093 115 8 $2,402,913
DE 184 15 $1,941,832 66 6 $698,750
FL Gulf 228 7 $2,594,151 60 5 $2,396,059
NY 92 7 $6,972,965 53 9 $5,614,591
TX 65 5 $709,641 36 10 $3,495,918
SC 65 10 $7,477,387 20 5 $726,005
NJ 280 9 $5,187,821 13 10 $605,787
Total 1532 8 $3,521,361 1252 5 $1,439,013

Decadal trends in the number of RSM/BUDM projects were compared with the volume
of sediments placed in the top ten states (Figure 3) and selected five states (Figure 4). The
number of RSM/BUDM projects in the top ten states experienced a notable increase until
around the 2000s, after which the frequency of projects reached a stable level in the last
decade. However, the total volume of sediment used for RSM/BUDM projects across ten
states has declined in the past decade (Figure 3). The number of RSM/BUDM projects in
five states experienced fewer nourishments and were stable except for Michigan. Michigan
has had an exponential increase in nourishment activities since 1900 but has had a declining
trend in the last decade (Figure 4). These trends were used for each year in the ARIMA (1,
0, 1) model to obtain future predictions for the volume of sediment required for the next
50 years (Table 4). A different ARIMA model (1, 1, 0) was selected for Delaware instead
of the ARIMA (1, 0, 1) model used for the other states because the former demonstrated a
better fit for these data. The model for all the states had p-values greater than 0.05, which
suggested that there was no significant evidence of residual correlation and that the model
was a good fit for these data. Because of the high rates of RSM/BUDM historically in
California, the models predict a higher volume of sediment will be needed (2,301,613 m?)
for the next 50 years. The states with the next highest forecasted RSM/BUDM needs were
North Carolina, New York, and the Florida Atlantic coast, with 766,327 m3, 433,420 m?,
and 431,680 m?, respectively. The lowest volume needed was predicted for New Jersey
(Table 5). States with less than ten nourishment activities were not included.

The sum of the volume of sediment placed in the past 50 years for each state was
compared with the predicted total volume for the next 50 years (Table 5). The Root Mean
Square Errors (RMSEs) of the predicted models were computed. This margin of error may
be within acceptable limits, considering the scale of sediments placed for the purpose of
restoration projects. The model suggested that most of the states (FL. Atlantic, NC, DE,
NJ, NY, and MI) will experience a decline in the total volume needed for the next 50 years
(Figure 5). On the other hand, CA, FL. Gulf, TX, SC, and MA were expected to see an
increase in volume needed for the next 50 years. Based on the predicted total volume, most
states are going to reduce the number of RSM/BUDM projects in the next 50 years.
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Figure 3. Decadal RSM/BUDM trends for ten states (line: no. of RSM/BUDM projects, bar: volume
of sediment) in the selected five states.
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Figure 4. Decadal RSM/BUDM trends for five states (line: no. of RSM/BUDM projects, bar: volume
of sediment) in the selected five states.

Table 4. Average volume (m?®) predicted for the next 50 years in the top ten and selected five states.

State Average Volume (m?) Needs Predicted for the Next 50 Years ARIMA Model
WA NA ARIMA (1,0, 1)
AL NA ARIMA (1, 0, 1)
VA NA ARIMA (1,0, 1)

CT NA ARIMA (1, 0, 1)
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Table 4. Cont.
State Average Volume (m?) Needs Predicted for the Next 50 Years ARIMA Model
CA 2,301,613 ARIMA (1,0, 1)
NC 766,327 ARIMA (1,0, 1)
NY 433,420 ARIMA (1,0, 1)
FL.Atl 431,680 ARIMA (1,0, 1)
FL.GIf 310,963 ARIMA (1,0, 1)
TX 277,138 ARIMA (1,0, 1)
MI 119,040 ARIMA (1,0, 1)
MA 85,739 ARIMA (1,0, 1)
DE 71,797 ARIMA (1,1, 0)
SC 67,274 ARIMA (1,0, 1)
NJ 11,346 ARIMA (1,0, 1)
Table 5. Volume comparison between last 50 years and predicted 50 years.
Volume (m3), Past  Predicted Volume 3 . 3
State 50 Years (m3), Next 50 Years RMSE (m®) Difference (m")
CA 110,025,888 115,080,642 2,675,537 5,054,754
TX 12,599,090 13,856,899 322,676 1,257,809
FL.GIf 19,662,694 26,258,041 779,942 6,595,347
FL.Atl 29,508,924 21,584,019 665,330 —7,924,905
SC 2,819,519 3,363,687 128,072 544,168
NC 45,457,228 38,316,351 779,332 —7,140,877
DE 6,315,989 3,589,852 166,177 —2,726,137
NJ 791,605 567,322 34,073 —224,283
NY 26,804,887 21,671,024 694,661 —5,133,863
MA 4,106,467 4,286,958 78,910 180,491
MI 6,704,265 5,951,976 88,424 —752,290
140,000,000
120,000,000
2 100,000,000
2 80,000,000
E 60,000,000
= 40,000,000
20,000,000
CA TX FL.GIf FL.Atl SC NC DE NJ NY MA MI
Study Area
Last 50 years Predicted 50 years

Figure 5. Last 50 years total volume placed under RSM/BUDM vs. 50 years predicted values.
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Coastal inlets were marked as structured, half-structured, and unstructured in Google
Earth for each state (Figure 6) and later exported to GIS (Figure 7). The total number of inlets
and RSM/BUDM projects with a nearshore sediment source (BUDM) in the top ten most highly
nourished states were compared (Table 6). Certain states, such as California, Massachusetts,
and North Carolina, exhibited a high frequency of RSM/BUDM projects corresponding to a
significant count of structured inlets, while other states, such as Florida Golf coast and New
Jersey, with numerous inlets, did not have a proportional increase in RSM/BUDM activities
(Figure 8). The number of RSM/BUDM projects and the types of available inlets in the five
selected states with low nourishment activity were compared (Table 7). The RSM/BUDM
project activity in Michigan and Washington showed a correlation with the number of available
inlets (Figure 9). In contrast, Connecticut and Virginia had fewer RSM/BUDM projects despite
having a considerable number of available inlets (Table 8).

Figure 6. Inlets (blue circles) plotted in Google Earth for the top ten most-nourished states and five
comparison states.
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) sc
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Figure 7. Distribution of classified inlet types in the ten most-nourished states and five compari-
son states.
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Table 6. BUDM projects compared with inlet classification type for the top ten most-nourished states.

Stat RSM/BUDM No. of No. of Half No. of Total
ate Projects Structured Inlets ~ Structured  Unstructured Inlets  Inlets
CA 421 23 2 21 46
MA 252 26 7 29 62
NC 147 1 0 19 20
FL.A 70 14 1 24
DE 66 2 2 4 8
FL.G 36 9 1 43 53
NY 31 24 1 36 61
X 21 8 0 7 15
SC 20 3 1 33 37
NJ 9 7 1 42 50
Non RSM & BUDM projects vs no. of inlets
2600 70
o
5500 0o
=400 0 5
2300 40 2
£ 30 ©
'£200 20 2
2100 @ Q 10
S 0 0
2'7 CA MA NC FLA DE FLG NY X SC NJ

== Non RSM projects

Top ten states

E==3 RSM projects

e=@==Total inlets

Figure 8. RSM/BUDM trends vs. inlet availability for ten most-nourished states.

Table 7. RSM/BUDM projects compared with the inlet classifications for the five comparison states.

State RSM/].3UDM No. of Structured  No. of Unstructured No. of Half
Projects Inlets Inlets Structured
MI 306 31 57 5
WA 5 3 7 0
AL 4 2 0
CT 3 16 33 6
VA 1 5 27 1

Among the top ten most highly nourished states, New York has the highest number
of inlets per 100 km. The high inlet density corresponds to the highest density of volume
placed, totaling 15,429,568 cubic meters per 100 km. Massachusetts has the second-highest
inlet density among the listed states and has the highest density of RSM/BUDM projects,
with 87 per 100 km (Table 8). However, the volume of sediment placed is relatively lower
at 1,462,156 cubic meters per 100 km compared with other states. North Carolina exhibits
the second-highest density of RSM/BUDM projects per 100 km, even though there are
no structured inlets per 100 km. This is because most of the RSM/BUDM projects in this
state were due to the utilization of BUDM from unstructured inlets. Despite having a
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lower density of structured inlets (2 per 100 km), California (CA) exhibits a relatively high
density of RSM/BUDM projects, 32 per 100 km. This can be attributed to the fact that
a significant portion of the RSM/BUDM projects in California involve the placement of
sediments obtained from harbor construction [22,23]. Despite having 4 inlets per 100 km,
New Jersey had a relatively low number of RSM/BUDM projects and the lowest volume
of sediments placed per 100 km compared with other states. In the selected five states,
the inlet density was higher in Connecticut and Virginia, but there was a lower number
of RSM/BUDM projects (Table 9). Overall, the comparison reveals variations in the distri-
bution of RSM/BUDM projects and structured inlet density across the states, suggesting
different strategies and priorities in managing sediments.

Non RSM & BUDM projects vs inlets

350 100
300 20

» 250
200 60
150 40

100
N 20
] ()

ects

.Ol

No. of inlets

50

No of nourishment pr
o

Five selected states
ESS3INon RSM EZZERSM  ==@==total inlets

Figure 9. RSM/BUDM trends vs. inlet availability for five states.

Table 8. RSM/BUDM projects and inlets per 100 km coastline for the top ten most-nourished states.

State Coastal Length I.{SM/BUDM Voalume of Sed. Stru'ctured Inlets
(km) Projects per 100 km  (m?) per 100 km  Density per 100 km
CA 1352 32 14,700,407 2
MA 309 87 1,462,156 11
NC 484 39 9,626,443 0
FL.A 673 17 4,851,171
DE 45 NA NA NA
FL.G 992 6 2,646,980 1
NY 204 26 15,429,568 12
X 591 6 2,132,602 1
SC 301 7 936,717 1
NJ 209 6 392,659 4

Beaches within a 10 km proximity to structured inlets were evaluated to quantify
only non-RSM or engineered beach nourishment activities, which can be potential beaches
for RSM/BUDM activities in the future. Based solely on inlet proximity, beaches within
Delaware, New Jersey, and Florida had higher potential for future RSM/BUDM projects
(Figure 10). While the majority of RSM/BUDM projects in California have been concen-
trated in the northern and central regions of the state, there is potential for expanding
RSM/BUDM initiatives in Southern California in the future. Although these results are
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based only on the proximity to an inlet (and therefore proximity of transport of BUDM to
beach sites), future projects could also consider inlet stability, quantity of sediment available
within an inlet, and quality of material trapped within the navigational waterway.

Table 9. RSM/BUDM projects and inlets per 100 km coastline for the five comparison states.

Stat Coastal Length RSM/BUDM Volume of Sed. Structured Inlets
ate (km) Projects per 100 km  (m3) per 100 km  Density per 100 km
MI NA NA NA NA
WA 253 2 690,522 4
AL 85 NA NA NA
CT 154 2 40,710 36
VA 180 1 424,753 18
WA
+ M
mi Ny
M
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v
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CA %
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Ul Ly X Atlantic Ocean
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Five states selected for comparison |
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Figure 10. Prospective RSM/BUDM projects (in red) based on the inlet availability.

4. Discussion

Historical beach nourishment activities serve as valuable indicators for predicting
future nourishment needs and trends, as beaches experiencing erosion are those requiring
restoration. By analyzing past nourishment projects, we can identify patterns and trends
that may inform future decision-making regarding the allocation of resources and the
implementation of new nourishment projects. Additional analysis of RSM/BUDM and
non-RSM projects across several coastal states helps delineate areas that may have a cost-
effective and nearby source of sediment for erosion mitigation and coastal protection.

Within the states examined here, non-RSM projects exhibited an average cost of $8 per
cubic meter and an average cost per project of $3,521,361. In contrast, RSM/BUDM projects
were significantly lower on average, with a cost per cubic meter of $5, thereby substantially
reducing the cost per project by an average of $1,439,013. These findings emphasize the
potential benefits of RSM/BUDM in achieving cost-efficient beach nourishment, providing
a critical perspective on how future coastal management strategies can be optimized.
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Predictions for the volume of sediment needed in RSM/BUDM projects for the next
50 years varied among states. Based solely on the past RSM/BUDM trends, California,
Texas, Florida Gulf coast, South Carolina, and Massachusetts are projected to experience an
increased volume need as compared with the past 50 years. Conversely, the Florida Atlantic
coast, South Carolina, Delaware, New York, New Jersey, and Michigan are expected to
decrease the volume needed for RSM/BUDM projects as compared with the past 50 years.
These results suggest that well-developed beach nourishment programs might lead to a
reduction in total nourishment activities in the future. This could be a result of replacing
sediment lost from the system at regular intervals and then offsetting the need for increased
activities to combat erosion. On the other hand, if causes of erosion increase in magnitude
(e.g., sea level rise, hurricanes, and tropical storm intensity or frequency), past trends of
sediment needs may not suffice to predict future beach nourishment needs.

Although no predictive model is entirely accurate, the ARIMA model is commonly
used for forecasting future values in a time series [24]. It is worth noting that prediction
models and the resulting estimates have limitations. The incorporation of historical ero-
sional drivers such as hurricanes and tropical storms might impact the model predictions.
SAD SAND (2020) projected that the available sand resources (sediments from dredging
of navigation channels and sediments adjacent to navigation channels, such as shoals and
sand traps) for RSM/BUDM projects in South Atlantic Division (Virginia, North Carolina,
South Carolina, Florida, Alabama, and Mississippi), and found that critical sand shortage
in all the states except for Virginia [25]. Future research could explore encompassing the
forecasting of historical sediment budgets for RSM/BUDM projects in other regions as
well. This approach could offer valuable insights into the future balance between sediment
availability and the scope of RSM/BUDM projects, helping to shape more informed coastal
management strategies.

States with a higher density of inlets often experience increased erosion [26] due to the
interruption of longshore sediment transport, therefore necessitating more nourishment
projects. The analysis of inlets and their correlation with RSM/BUDM activities reveals that
states such as New York and Massachusetts, with the highest inlet density, accommodate
more RSM/BUDM projects per 100 km. This strong relationship suggests that the presence
of numerous inlets has a considerable influence on the demand for beach nourishment
events. Thus, the beaches close to the inlet proximity promote more RSM/BUDM projects.
However, this might not be true for states such as South Carolina with mixed tidal energy
settings [27]. Future studies are recommended to analyze factors such as sediment avail-
ability and/or changes in sediment budgets and inlet conditions such as maturity, stability,
etc. This will help in considering the sediment transport pathways and the feasibility of
adopting additional RSM/BUDM strategies in the beneficial use of dredge material for
nourishment [28,29].

5. Conclusions

This study aims to analyze long-term trends in RSM/BUDM activities within specific
coastal states on a national scale and forecast anticipated sediment volumes required for
RSM/BUDM projects over the next 50 years. Models are used to identify beaches that may
possibly be suitable for future RSM/BUDM projects based on their strategic location near
inlets. This study found that California had the highest number of RSM/BUDM projects,
with Michigan, Massachusetts, and North Carolina following closely. Most of the projects
in these states used harbor-dredged material for beach nourishment. According to the
ARIMA model, Florida Atlantic, North Carolina, Delaware, New Jersey, New York, and
Michigan could experience a decline in the total volume needed for RSM/BUDM activities
over the next 50 years. Conversely, California, Florida’s Gulf Coast, Texas, South Carolina,
and Massachusetts are predicted to show an increase in RSM/BUDM sediment volume
needed during the same period. Based on inlet proximity, this study suggests that DE,
FL, Atl, and NJ have the potential to pursue more RSM/BUDM projects for future beach
nourishment needs.
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In conclusion, the comparative assessment of RSM/BUDM and non-RSM projects
suggests the cost-effectiveness of using RSM/BUDM for beach nourishment. The difference
in cost per project between the two methods underscores the potential economic benefits
of RSM/BUDM, suggesting some areas should consider alternative coastal management
strategies. Additionally, the historical trends and future predictions in sediment volume
requirements demonstrate the varying needs among coastal states. While some states are
anticipated to experience an increased demand for sediment (for example, due to sea level
rise and/or storm events), others might have reduced sediment needs, perhaps benefit-
ing from well-established, long-term beach nourishment programs that have sufficiently
restored sediment to the littoral system. Considering the complexities and limitations of
predictive models, the inclusion of historical erosion drivers and a focus on forecasting
sediment budgets in other regions could improve coastal planning and management. More-
over, the correlation between the density of inlets and the demand for beach nourishment
activities is significant. States with a higher inlet density tend to experience greater erosion.
However, inlets could also be the solution for erosion mitigation as the sediment borrow
source for use in beach nourishment practices. The goal of this study is to provide valuable
guidance for future coastal management strategies, enhancing cost-efficiency and resilience
in the face of ongoing challenges leading to coastal vulnerability.
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