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A fitting analog for the Almeja CBB is the 400-m long paleoshore near Punta San Antonio
(Figure 1b), formed by mixed granodiorite and andesite boulders to which a diverse Pleistocene biota
is attached in growth position [26]. In particular, granodiorite boulders derive from the adjacent
headland at Punta San Antonio that occupies a flanking position comparable to the rhyolite headland
at Ensenada Almeja. The paleogeography of the Punta San Antonio site also features a former
embayment comparable in size to Ensenada Almeja. As there is no bedrock exposure of granodiorite
north of the former bay, wind-driven currents from that direction could not have been responsible
for development of the Pleistocene CBB. The only alternative is an energy source associated with the
passage of Pleistocene hurricanes with a counter-clockwise rotation suited to erosion of the Punta San
Antonio headland to the east.

Another area with rich potential for future studies on CBBs is located in the upper Gulf of
California off Bahia Los Angeles (Figure 1a). The southeast end of Isla Angel de la Guarda is known
for its closed lagoons with elevated salinities that favor living microbial colonies [27], commonly
recognized by paleontologists and geologists as stromatolites. Based on personal exploration (MEJ and
JL-V), the smaller lagoon on Isla Angel de la Guarda (Figure 10, number 1) is closed off by a CBB formed
by large andesite boulders. The principal source for this material is the adjacent rocky shore to the
north, which features eroded sea stacks. As long-shore currents from the north are blocked by nearby
Isla Estanque, the alternative energy source for erosion of the andesite cliffs close to the small lagoon is
likely to have been the result of episodic storms or hurricanes. Based again on personal experience,
andesite clasts on the deposit closing off the larger lagoon on Angel de la Guarda (Figure 10, number 2)
are mostly the size of cobbles. Long-shore drift may have been more constructive in the development
of the enclosing berm. Isla Estanque has yet to be explored with any focus on lagoon development
(Figure 10, numbers 3 and 4) but the clock-wise rotation of storm systems offers a promising hypothesis
for the development of boulder spurs yet to completely isolate related lagoons.

Figure 10. Aerial photo from an altitude of 15,000 m showing boulder deposits from the southeast
coast of Isla Angel de la Guarda in the upper Gulf of California that define closed lagoons (1 and 2)
and distinct spurs formed by bolder deposits on Isla Estanque in the process of closing other lagoons
(3 and 4).
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5.7. Comparison to Selected CBBs Elsewhere in the World

Ruban et al. (2019) compiled a representative collection of 58 published studies concerning
Earth-bound processes capable of producing megaclasts [11]. From this sample, more than half (53%)
are limited to boulder deposits that formed during Quaternary time, 20 of which represent coastal
depositional settings. The data base distinguishes between Quaternary CBBs attributed to storms
as opposed to tsunamis in nearly equal parts. A clear-cut example of a huge tsunami event derives
from the study by Ramalho et al. (2015) with regard to basalt megaclasts as much as 8 m in diameter
with a maximum estimated weight of as much as 1000 metric tons, left high on the flanks of Santiago
in the Cape Verde Islands [21]. An equally clear-cut study by Cox et al. (2018) relates to blocks
with an estimated weight as much as 620 metric tons pealed back from Carboniferous limestone
layers exposed at the top of high sea cliffs in western Ireland [28] that are unequivocally linked to
major sea storms. Not included in the data base of Ruban et al. (2019) are other studies on massive
carbonate megaclasts from the Bahamas and Bermuda interpreted ambiguously as either tsunami
or storm-related [29] or unequivocally as storm related [30]. Current literature on Quaternary CBBs
appears to be skewed towards studies on carbonate megaclasts, such as the work by Biolchi et al. (2019)
from the northern Adriatic Sea [31]. Bedded limestone formations exposed in sea cliffs are especially
vulnerable to erosion by storm-induced waves, as exemplified by our previous study on a Holocene
CBB from Isla del Carmen in the Gulf of California [2]. Volcanic flows composed of layered basalt and
andesite also form extensive sea cliffs around the Gulf of California [3] and many other parts of the
world. The geomorphology of CBBs stripped from igneous basement rocks is underrepresented in the
literature and offers a research target worthy of future investigations especially in the context of likely
hurricane deposits.

6. Conclusions

e  Hurricanes strike Mexico’s Baja California peninsula and enter the Gulf of California with
increased frequency especially during El Nifio years commonly repeated every 6 to 8 years.
The last hurricane known to reach Ensenada Almeja in the San Basilio area north of Loreto was
Hurricane Odile in 2014.

e By process of elimination taking into account more frequent but less energetic sources of input
such as tidal forces, seasonal wind patterns involved with long-shore currents, as well as tsunamis,
data are found to favor an incremental accumulation of the Ensenada Almeja CBB due to a
repetition of hurricane events through Holocene time.

e Maximum wave height stimulated by a major storm necessary to erode the largest blocks of
banded rhyolite with a calculated specific gravity of 2.16 is estimated to have been on the order of
13.7 m.

e  Evidencebased on size distribution in boulders from four different transects crossing perpendicular
through the Almeja CBB shows a decrease in maximum size along a curved shoreline ending
230 m distal from the bedrock source on the outer tip of the adjacent headland. Loss of energy is
due to wave refraction entering Ensenada Almeja after impact against the headland with wave
surge arriving from the east driven by a counter-clockwise rotation of a hurricane system.

e  The restriction of embayments by CBBs and the related closure of lagoons by boulder spurs in the
form of unconsolidated bars, derived from bedrock sources of basalt and andesite, is a widespread
pattern in the Gulf of California. Future efforts that distinguish between different energy sources
related to coastal erosion of exposed bedrock must take into consideration the importance of
hurricanes and down-graded tropical storms that impact the region on an episodic basis. Like
rhyolite (this study), basalt and andesite are susceptible to intense hydrologic pressure exerted
against parting seams and vertical joints exposed to wave action during major storms.

Supplementary Materials: The following video is available online at http://www.mdpi.com/2077-1312/7/6/193/s1,
Video Hurricane Odile at San Basilio.mov.
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Appendix A
Table Al. Quantification of boulder size, volume and estimated weight from CBB samples through

Transect 1 at Ensenada Almeja. The laboratory result for density of banded rhyolite at 2.16 gm/cm3 is
applied uniformly to all samples in this table.

Distance Lor}g Intermediate Sh({rt Volume Adjust. Weight Estimated
Sample to Next Axis Axi Axis 3 o Wave ht.
xis (cm) (cm?) to 65% (kg)

(cm) (cm) (cm) (m)

1 0 88 44 38 147,136 95,638 207 55
2 +20 58 40 36 83,520 54,288 219 3.6
3 +60 108 60 44 285,120 185,328 296 6.8
4 +90 70 64 47 210,560 136,864 647 44
5 +104 110 81 523 463,320 301,158 651 6.9
6 +320 116 74 50 429,200 278,980 603 7.3
7 +108 112 82 45 413,280 268,632 580 7.0
8 +100 92 52 43 205,712 133,713 289 5.8
9 +100 155 115 93 1,657,725 1,077,521 2327 9.7
10 +140 92 88 60 485,760 315,744 682 58
11 +208 208 118 78 2,470,624 1,605,906 3469 13.0
12 +330 120 56 50 336,000 218,400 472 7.5
13 +220 268 111 104 3,093,792 2,010,965 4344 16.8
14 +150 97 74 30 215,340 139,971 302 6.1
15 +100 153 126 98 1,889,244 1,228,009 2653 9.6
16 +150 108 84 44 399,168 259,459 560 6.8
17 +80 105 60 33 207,900 135,135 292 6.6
18 +0 92 80 34 250,240 162,656 351 58
19 +120 125 118 75 1,106,250 719,063 1553 7.8
20 +0 87 66 38 218,196 141,827 306 55
21 +100 130 121 60 943,800 613,470 1325 8.2
22 +200 214 94 85 1,709,860 1,111,409 2401 13.4
23 +0 78 62 334 164,424 106,876 231 49
24 +100 128 53 38 257,792 167,565 362 8.0
25 +100 218 148 108 3,484,512 2,264,933 4892 13.7
Average +158 125 83 57 845,139 549,340 1201 7.9
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Table A2. Quantification of boulder size, volume and estimated weight from CBB samples through

Transect 2 at Ensenada Almeja. The laboratory result for density of banded rhyolite at 2.16 gm/cm3 is

applied uniformly to all samples in this table.

ompte et mmedie SO olume  Adus g ol
xis (cm) (cm?) to 65% (kg)

(cm) (cm) (cm) (m)
1 0 83 63 24 125,496 81,572 176 52
2 +130 62 31 60 30,752 19,989 43 3.9
3 +220 74 45 33 49,728 32,323 70 4.6
4 +200 66 50 34 98,010 63,707 138 4.1
5 +600 172 67 46 122,400 79,560 172 10.8
6 +140 86 69 21 284,832 185,141 400 5.4
7 +260 68 27 26 38,556 25,061 54 43
8 +150 75 35 25 65,626 42,656 92 4.7
9 +700 64 48 29 89,089 57,907 125 4.0
10 +150 128 42 39 209,664 136,282 294 8.0
11 +130 61 56 38 129,808 84,375 182 3.8
12 +900 98 81 28 222,264 144,472 312 6.2
13 +200 92 58 55 293,480 190,762 412 5.8
14 +0 74 51 33 124,542 80,952 175 4.6
15 +800 108 64 38 262,656 170,726 369 6.8
16 +310 115 83 48 458,160 297,804 643 72
17 +10 125 85 53 563,125 336,031 726 7.8
18 +200 108 85 48 440,640 286,416 619 6.8
19 +100 106 55 45 262,350 170,528 368 6.7
20 +220 113 71 58 465,334 302,467 653 7.1
21 0 135 95 73 936,225 608,546 1314 8.5
22 +330 83 78 48 310,752 201,993 436 52
23 +250 88 73 88 234,048 217,131 469 55
24 +40 94 91 19 752,752 489,293 1057 5.9
25 +60 101 93 44 413,292 268,640 583 6.3
Average 100 91 63 41 283,343 182,974 395 6.0

Table A3. Quantification of boulder size, volume and estimated weight from CBB samples through
Transect 3 at Ensenada Almeja. The laboratory result for density of banded rhyolite at 2.16 gm/cm? is

applied uniformly to all samples in this table.

Distance Long Intermediate Short Volume Adjust. Weight Estimated
Sample to next . . . 3 o Wave ht.
axis (cm) axis (cm) axis (cm) (cm?) to 65% (kg)

(cm) (m)
1 0 79 38 21 63,042 40,977 89 5.0
2 +400 76 53 38 153,064 99,492 215 4.8
3 +100 64 34 22 47,872 31,117 67 4.0
4 +260 54 32 23 39,744 25,834 56 34
5 +200 72 40 26 74,880 48,672 105 4.5
6 0 45 37 20 33,300 21,645 47 2.8
7 +120 38 25 15 14,250 9263 20 2.4
8 +800 65 36 23 53,820 34,983 76 41
9 +270 46 25 18 20,700 13,455 29 2.9
10 +230 109 53 20 115,540 75,101 162 6.8
11 +800 111 56 48 298,363 193,939 419 7.0
12 +130 100 50 48 240,000 156,000 337 6.3
13 +220 66 37 34 83,028 53,968 117 4.1
14 +230 75 36 27 72,900 47,385 102 4.7
15 +40 69 40 38 104,880 68,178 147 43
16 +20 89 55 45 220,275 143,179 309 5.6
17 +170 99 43 34 144,738 94,080 203 6.2
18 +240 76 48 44 160,512 104,333 225 4.8
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Table A3. Cont.

Distance Long Intermediate Short Volume Adjust. Weight Estimated
Sample to next . . . 3 o Wave ht.
axis (cm) axis (cm) axis (cm) (cm?) to 65% (kg)

(cm) (m)
19 +120 75 56 28 117,600 76,440 165 4.7
20 +60 83 50 40 166,000 107,900 233 52
21 +220 120 58 48 334,080 217,152 469 7.5
22 0 164 108 43 761,616 495,050 1069 10.3
23 +40 108 58 38 238,032 3,154,721 334 6.8
24 +180 92 63 44 255,024 165,766 358 5.8
25 +140 123 78 48 460,512 299,333 647 7.7
Average 140 84 48 33 170,951 111,118 240 53

Table A4. Quantification of boulder size, volume and estimated weight from CBB samples through
Transect 4 at Ensenada Almeja. The laboratory result for density of banded rhyolite at 2.16 gm/cm3 is

applied uniformly to all samples in this table.

Distance Lor.lg Intermediate Sht{rt Volume Adjust. Weight Estimated
Sample to Next Axis Axi Axis 3 o Wave ht.
xis (cm) (cm?) to 65% (kg)

(cm) (cm) (cm) (m)

1 +700 50 30 19 28,500 18,525 40 3.1
2 0 48 18 16 13,824 89,896 19 3.0
3 +300 33 27 13 11,583 7529 16 2.1
4 +170 53 36 20 38,160 24,804 54 3.3
5 +160 40 25 12 12,000 7800 17 2.5
6 +190 44 27 14 16,632 10,810 23 2.8
7 +800 42 41 15 25,830 16,790 36 2.6
8 +600 38 38 30 43,320 28,158 61 2.4
9 +200 59 31 22 40,238 26,155 56 3.7
10 +110 52 30 25 39,000 23,350 50 3.3
11 0 62 44 19 51,832 33,691 73 39
12 +700 41 33 20 27,060 17,589 38 2.6
13 0 53 38 18 36,252 23,564 51 3.3
14 0 61 43 28 73,444 47,739 103 3.8
15 +900 63 32 29 58,464 38,002 82 4.0
16 0 67 48 42 135,072 87,797 190 4.2
17 +100 75 69 33 170,775 111,004 240 4.7
18 +20 71 30 23 48,990 31,844 69 45
19 0 58 33 18 34,452 22,394 48 3.6
20 +500 66 35 28 64,680 42,042 91 4.1
21 +200 60 42 20 50,400 32,760 71 3.8
22 0 59 35 16 33,040 21,476 46 3.7
23 0 68 33 28 62,832 40,841 88 43
24 +400 58 43 20 49,880 32,422 70 3.6
25 +20 63 39 28 68,796 44,717 97 4.0
Average 100 55 36 22 49,402 34,032 69 3.5
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Abstract: In recent years increasing attention has been paid to environmental effects that may result
from marine dredging and disposal operations. In general, the fine-grained fraction of handled
sediments can be dispersed far from the intervention site as a turbidity plume, depending on
the specific site and operational parameters. Starting from a literature review, this paper suggests
standards for estimating and characterizing the sediment source term, for setting up far-field modeling
studies and analyzing numerical results, with the aim of optimizing, also from an economic point
of view, the different project, execution and monitoring phases. The paper proposes an integrated
modeling approach for simulating sediment dispersion due to sediment handling operations in
different marine-coastal areas (off-shore, near-shore and semi-enclosed basins). Attention is paid to
the characterization of sediment source terms due to different operational phases (removal, transport
and disposal). The paper also deals with the definition of accuracy level of modeling activities,
with regard to the main physical processes characterizing the different marine—coastal areas and to
the type of environmental critical issues near the intervention site (if any). The main relationships
between modeling and monitoring are given for the different design and management phases to
support the selection of appropriate technical alternatives and monitoring actions and to ensure the
environmental compliance of the proposed interventions.

Keywords: dredging and disposal; environmental effects; mathematical modeling and monitoring;
sediment dispersion; sediment handling

1. Introduction

Interventions in marine and coastal areas often involve sediment dredging and disposal operations.
The volume of sediments handling can vary in relation to the operations purposes, e.g., to maintain
or improve the navigation depth of ports and harbors (e.g., [1]), for creating or improving facilities
(e.g., [2]), for beach nourishment (e.g., [3]) and open-water disposal (e.g., [4]), to carefully remove
and relocate contaminated materials (e.g., [5]) or morphological reconstruction in transitional areas.
Moreover, the operational techniques (e.g., type and capacity of dredges) are key aspects to be
accounted for when dealing with the assessment of physical effects due to sediment handling works
(e.g. [67).
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Pre-approval from controlling authorities is typically required to verify environmental and
economic compatibility of equipment, work plans and operational criteria prior to the initiation of the
activities. The approval requirements include the evaluation of short-term effects occurring during the
project phases (often referred to as process effects) and long-term effects caused by the final project
layout (often referred to as project effects, e.g., [8]).

For the European Union, detailed environmental impact assessment (Directive 2014/52/UE, [9])
are aimed at selecting technical alternatives and designing appropriate mitigation measures and
monitoring actions for ensuring environmental compliance, especially when either large quantities or
polluted sediments have to be handled. Far from the intervention areas the dispersal and settling of
plumes of spilled sediment can induce a broad range of effects, i.e., light reduction and sedimentation
at sensitive receptors, changes in abundance, diversity and biomass of seabed habitats and benthic
communities, contaminants and nutrients release. An efficient management of sediment handling
works requires knowledge both of the operational factors (i.e., extension of dredging/disposal
areas, kinematic and geometric parameters of dredging/disposal techniques, duration and timing of
operations) to assess the sediment release mechanisms, and of the site conditions (i.e., sediment type,
water depth, currents and waves climates, thermohaline stratification, seasonal window) to assess the
spatial dispersion and the settling time of the sediment plume during and after the end of operations.

In this framework, mathematical models are recognized as a valuable tool to forecast the plume
dynamics and the areas interested by significant variations of suspended sediment concentration
(SSC) and sediment deposition rates (DEP, e.g., [10-12]). Recent research (e.g., [13]) and international
guidelines (e.g., [14]) often include the use of mathematical models to perform environmental studies
needed to support decision makers (before, during and after execution) to optimize the interventions
and monitoring actions with regard to environmental and project objectives [15], while maintaining
desired production rates [16]. A major effort has been put to support contractors and controlling
authorities to combine modeling and monitoring activities in a feedback framework [15,17,18]. This is
aimed (i) at assessing and approving dredging equipment and work plans (prior to the operations
start), and (ii) at introducing assessment procedures based on the application of environmental criteria,
for ensuring that SSC remains below specified limits (during the operations) and for timely changing
work plans and monitoring frequencies to prevent any potential short- and long-term environmental
effects (during and after the operations).

Common modeling approaches involves hydrodynamic and transport models suitable to quantify
and to compare the transport processes of the different spilled sediment, moving from the near- to
the far-field (e.g., [11,12,19,20]). Nevertheless, technical and scientific literature highlights the lack
of an organic and comprehensive methodology driving the selection of appropriate modeling tools
and of accuracy levels needed for a reliable assessment of the induced physical effects in different
environmental contexts and when environmental critical issues are involved (e.g., ecological sensitive
receptor, water quality, sensitive habitat and species, fish farming facilities, regulatory constraints,
etc.). In the context of national experiences, the Italian National Institute for Environmental Protection
and Research (ISPRA) issued the Italian Guidelines dealing with the modeling approach that can be
implemented in relation both to environmental and project objectives, promoting uniform procedures
for different techniques, operational phases, and environmental contexts [15].

For ensuring the compliance with environmental requirements, the selection of a modeling
approach must balance the accuracy of results related to strict environmental critical issues and
operating criteria defined prior the initiations of the operations. Moreover, input data for the selected
modeling scenarios should be appropriate for a reliable representation of the main physical processes
variability driving the dynamic of the plume during the different operational phases, depending on the
main characteristics of the selected techniques. It has to be stressed that past studies (e.g., [14,21,22])
found that results rarely focus on long-term effects of sediments dispersion, within either seasonal or
annual time windows. Rather, they are focused on short-term scenarios usually related to either one or
few tidal cycles or extreme events (e.g., [23-25]).
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Increases of SSC and DEP away from the re-suspension source are mainly used to evaluate the
extension of the area affected by plume dispersion, where the maximum SSC is usually expressed in
relation to given thresholds. It has to be stressed that there is also a lack of tools that synthesize and
make the modeling results useful for supporting decision system and environmental management [22]
and to give operational and environmental indications to optimize all the planning and management
phases of the sediment handling project.

GBRMPA [14] and Feola et al. [26] recommend that model results should be synthesized by means
of maps showing statistical measures (i.e., maximum and mean) of the predicted SSC and DEP at
different water depths, as well as by the synthetic parameters of the time series at different key sites,
intended to be representative of the environmental context and of the duration of the project. It is
suggested to analyze environmental effects in terms of the duration of the time windows during which
given SSC thresholds are exceeded during the operations [16].

Starting from a literature review, this paper suggests standards for both setting up modeling
and field studies and for analyzing and assessing modeling results with regards to: (i) areas of
intervention (coastal areas, semi-enclosed basins and offshore areas), (ii) operational phases (excavation,
loading/transport and disposal), (iii) operational techniques (hydraulic and mechanical dredges),
and (iv) environmentally sensitive critical issues (if any). For sake of clarity, the key points of this
paper are:

e an organic and comprehensive framework about the physical effects induced by sediments
handling operations is proposed;

e  abroad-spectrum modeling approach intended to support contractors and controlling authorities
in planning and managing sediment handling operations is detailed;

e anintegrated, flexible and replicable methodological approach for synthesizing numerical results
is illustrated;

e  the main features of the required modeling-monitoring feedback system are highlighted.

This paper is structured as follows. Section 2 aims at describing the proposed methodological
approach. Sections 3 and 4 detail the rationale for the selection of scenarios and the source term
definition respectively. Sections 5 and 6 illustrate the proposed integrated modeling approach for
simulating sediment dispersion, intended as a general framework to assess the physical effects of
sediments handling operation, thus by identifying areas interested by significant changes in terms
of physical parameters (e.g., SSC and DEP) due to plume dynamics, and from which environmental
risk can be derived. Also, the relationship between modeling and monitoring activities for proper
implementation and verification both of modeling studies and of decision processes in different project
phases are outlined (Section 8.1), and the importance of the management and sharing of monitoring
data is highlighted (Section 8.2). Concluding remarks close the paper.

2. The Proposed Modeling Approach

This paper provides an organic and comprehensive framework about the physical effects induced
by sediments handling operations and proposes a broad-spectrum modeling approach intended to
support contractors and controlling authorities in planning and managing such a kind of interventions.
Hereinafter, the plume dynamics are intended to be related either to removal or disposal induced
re-suspension/release of the fine fraction of the handled sediments, as well as to advection, deposition
and sometimes re-suspension from the bottom due to environmental forcing. The whole sediment
handling work cycle is described by different operational phases: removal (or excavation), loading,
transport and disposal of handled sediments. Moreover, different environmental contexts (coastal
areas, semi-enclosed basins and offshore areas) are considered as intervention areas.

Even if the water depth, respectively in shallow or deep offshore areas, may induce operational
differences in excavation and disposal, these distinctions are not addressed in this paper. Indeed,
as also suggested by Marine Strategy Framework Directive 2008/56/EC [27], the area of interest should
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be defined taking into account the strict interaction between off-shore and near-shore hydrodynamics.
Then, the area of interest could reach the national limits and beyond, of course with an appropriate
and feasible spatial scale. Hence, all the main physical phenomena influencing the dynamics of the
induced sediment plumes can be properly modeled.

Mathematical models, calibrated and validated through the use of literature and field data, are
recognized as useful supporting tools to plan, design and manage sediment handling operations.
In particular, they can support the comparative choice of the technical and operational alternatives
based on the forecast of possible environmental issues. The reliable estimation of the physical processes
characterizing the sediment plume dynamic during the whole handling cycle requires the selection of
mathematical models able to reproduce the primary physical features of the intervention area, of the
project goals, and of the environmental aspects. The proper model selection and implementation
require the definition of the main hydrodynamic field and source term features driving the spatial and
temporal variability of dispersal of the spilled sediment and contamination processes (if any). Similarly,
the selected approach for the numerical solution of the governing equations for hydrodynamic and
transport phenomena influences the burden in terms of resources, computational times and of required
input data.

The proposed integrated modeling approach relies on standard numerical suites worldwide used
to model the passive phase of plume dispersion, but the source term definition aimed at accounting
for the near-field processes, at least from a macro-scale point of view. Three numerical modules,
hereinafter referred to as the hydrodynamic module (H-M in Figure 1), source term module (ST-M in
Figure 1) and transport module (T-M in Figure 1) are implemented in series. Basically, the transport
module is used to estimate SSC and DEP resulting from dispersion of the sediment release (estimated
by the source term module) due to the flow field variability (estimated by the hydrodynamic module).
Then, an environmental assessment module (EA-M in Figure 1) provides standard methods and
statistical parameters for the assessment of the physical environmental effects. A modeling-monitoring
feedback system is then recommended and considered as an integral part of the proposed integrated
modeling approach. With the aim to define a proper modeling setup, validation of modeling results
and verifying when sediment spill exceeds specified limits. These limits, hereinafter referred to as
reference levels, are intended to be defined with respect to the natural background conditions and to
the environmental critical issues types (if any).

Lisi et al. [15] suggest that the modeling studies should be performed in different steps,
with increasing level of detail, and they give practical indications to optimize the work plan, with regard
to environmental and operational site-specific objectives. The accuracy of quantitative estimates
depends on the used modeling approach (modeling tools and scenarios), and it is a function of
the expected results. Indeed, depending on the project phase (i.e., prior, during or after), different
detail levels can be required. Furthermore, this also makes the proposed methodology feasible from
an economic point of view (Figure 2). It is argued that expert judgment should be the first effort
performed. A preliminary information phase aims at selecting reference conditions to assess when
modeling approaches are needed and to define their accuracy level with respect to environmental
expected effects. Within this phase, based on operative and environmental data collection, scientists
with different expertise should be engaged within the framework of a holistic approach. When the
preliminary information phase highlights that significant environmental effects are likely to occur,
the implementation of modeling studies is recommended for their estimation. In these cases, the next
step is the implementation of a preliminary modeling phase, in which simplified models are used to
describe the key features of the plume dynamic and allow a fast estimation of its expected maximum
extension area. The reader is referred to Section 5 for details on preliminary information phase and
preliminary modeling phase. A detailed modeling phase (see Section 6 for details) is then suggested
when the preliminary modeling phase confirms that the dispersion of spilled sediment can impact on
water quality and on the site-specific environmental targets. It is intended to allow accurate evaluations
even for complex conditions.
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INFORMATION UP-TAKE AND PROBLEM FORMULATION
Selection of key parameters based on the main physical processes of intervention area
(off-shore, coastal areas and semi-enclosed basins) and on the project (dredging and/or
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Figure 1. Flow chart of the proposed methodological approach.
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Figure 2. Flow chart of the different phases suggested for optimizing the modeling studies (thus the
work plan and the related monitoring) to be performed with increasing level of detail during the

different project phases.

The detailed modeling phase is always recommended when three-dimensional features (for source
terms and/or hydrodynamic patterns) play a key role and when environmental critical issues are
revealed and/or predicted by preliminary modeling phase. It has to be stressed that the preliminary
modeling phase plays an important role even when detailed modeling is implemented, in order
to evaluate the possible need and the nature of detailed analysis and to support the preliminary
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assessment of the worst-case scenarios (e.g., extreme events or mitigation failure). This is aimed at
optimizing the work plan and the approval procedures, with regard to environmental and operational
site-specific objectives. Figure 2 depicts the flow chart of the proposed general approach.

Some initial modeling assumptions (e.g., within the preliminary information phase and
preliminary modeling phase) may vary during the project development (e.g., from the planning
phase up to the execution). Indeed, it may be observed that key information could not well defined at
the preliminary design phase of a sediment handling project, while it is (or should be at least) known at
a later stage. According to the adaptive management approach [17], a stepwise procedure can address
uncertainties as the project progresses, incorporating flexibility and robustness into project design,
and using latest information to instruct decision-makers as the project develops.

3. Scenarios

The selection of the scenarios to be modeled plays a crucial role in the choice of the mathematical
models and also on the reliability of the modeling results obtained for the relevant physical phenomena.

Herein, four different modeling scenarios are proposed and detailed for driving the proper
implementation of the proposed integrated modeling approach (Table 1): climatological, short-term
realistic, long-term realistic and operational /forecasting scenarios.

The climatological approach allows reproducing conditions which are not directly related to a
specific series of measured data. They are inferred from observations by means of statistical analysis
on available data. The aim is to reproduce either frequent (annual or seasonal) or extreme conditions
with given average return periods. It should be stressed that statistical analysis seldom allows defining
the return levels of relevant driving forces by taking into account also the marginal probability, i.e., that
extreme events of different forcing may occur simultaneously. Usually, this approach is used within the
frame of the preliminary modeling phase, when most of the information or data are not available yet.

The shortcoming of the climatological approach may be overcome by employing the short-term
realistic approach that considers actually observed driving forces for a short duration time window
(event scale). Then, it is possible to take into account the interaction of all driving processes typical of
real conditions that can significantly affect the actual dynamics. This method is suitable within the
frame of both preliminary information phase and preliminary modeling phase, and detailed modeling
phase as well. In the preliminary phases, it allows achieving results with low computational costs
useful to depict the big picture of the problem at hand when critical conditions are analyzed. In the
detailed phases, it can be considered for either validation purposes or to reproduce extreme events
observed in the past. It has to be stressed that this approach may be employed only when detailed
measurements are available.

The long-term realistic approach has to be used when long-term effects (or project effects) have to
be investigated within the framework of the detailed modeling phase. The definition of the long-term
scenarios is then based on real conditions which occurred in the past, for a long duration time window
selected as representative of the site-specific conditions. Hence, long-term time series (i.e., years) have
to be available by means of either monitoring activities or numerical hindcast (e.g., [28]). The long-term
realistic approach allows investigating the probability of exceeding thresholds for the variables of
interest (e.g., SSC, see Section 8.1) in terms of combined analysis of intensity, duration and frequency.

During the works execution the operational/forecasting approach can be employed to forecast
worst scenarios (in term of weather and sea conditions, and sediment dispersion conditions),
within the framework of the environmental monitoring plan. This method can be useful for
contractors to optimize the work execution. Indeed, safe conditions may be forecast hours or days
in advance (e.g., [29]). Moreover, authorities need to make effective the implementation of the
environmental monitoring plan and then to limit environmental effects within the framework of the
modeling-monitoring feedback system (see Section 8.1).

Table 1 synthesizes the main features of the four approaches for scenarios selection needed to
implement the proposed integrated modeling approach.
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Table 1. Main features of the modeling scenarios proposed within the different accuracy levels of the
proposed integrated approach.

Approach Aim Limitations Needed Data
To reproduce sp?c1f1c The ma'rgma-l occurrence Results of statistical
conditions not directly probability (i.e.,

analyses (e.g.,

Climatological related to measured data, simultaneity of driving . .
o . of either atmospheric or
e.g., to specific Average forces) is seldom hydrodynamic forcing)
Return Period. reproduced. Y Y &)

To reproduce specific
conditions observed in the
past in order to take into

Short-term account the simultaneity of

realistic different driving forces.
The results can be used for
numerical models
validation.

The needed data are
seldom available, in
particular during the
preliminary modeling
phase.

Observed or hindcast
short-duration time series.

The long-term time series
have to be representative of
the variability of the

To reproduce the long-term
response of the system

Long-term related to the project effects - . Observed or hindcast
o . L. driving forces, i.e., they X R .
realistic evaluation. A statistical long-duration time series.
. . should be related to both
analysis of the results is
g frequent and extreme
possible. o
conditions.
To reproduce the A specific infrastructure

short-term evolution of the  should be foreseen in order

Operational/  system during the works to promptly provide the Forecast data.

forecasting within the frame of a Contractors with updated
real-time optimization of forecast of the system
the works. evolution.

4. Source Term Definition

Efficient management of sediment handling operations requires sufficient knowledge of dredging
and disposal methods and of main mechanisms of release that can affect the SSC transport processes
for different excavation and disposal techniques. The selection of spill scenarios is a key factor for
environmental assessment and approval of the work plans. Indeed, it influences the source term
needed as input to far field models.

In particular, the temporal and spatial characterization of the source term is important for
the comparison, on different spatial and temporal scales, of scenarios with the least probabilities
of detrimental impacts on water quality and to define whether (and when) mitigation measures
should be taken on future work plans (e.g., [30]). This paper is aimed at estimating the contribution
to source terms of phenomena directly related to marine sediment handling activities. However,
sedimentation processes and the related re-suspension of the sediment due to hydrodynamic agitation
(waves and currents) can have a significant influence on the magnitude of the source terms and
therefore on the sediment transport modeling (see Section 6). Some mathematical models do not
explicitly include the modeling of sedimentation and re-suspension related to hydrodynamic agitation.
Nevertheless, their knowledge (or monitoring) may be crucial when the choice of the type and mode of
implementation of the models is concerned. Moreover, also the definition of the background (baseline)
conditions for the parameters of interest (e.g., SSC and turbidity), needed to identify the related single
or multiple site-specifics reference levels, can be related to the sedimentation and re-suspension related
to hydrodynamic agitation.

Basically, two main approaches may be used to model the flux of fine sediments available to
the far field dispersion. Computational fluid dynamics (CFD) framework may be used for detailing
near-field regimes and then to get a reliable estimate of the mechanisms that govern the dynamic of
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the sediment fraction leaving the re-suspension/release area as a passive (dispersive) plume. Such an
approach has large computational costs and the results may be hardly generalized. On the other hand,
a second approach may be used within the frame of macro-scale modeling (i.e., conceptual or empirical
models). A series of empirical and numerical near-field models to estimate the suspended sediment
flux leaving the intervention area have been developed so far (e.g., [6,8,31-35]).

A few conceptual models to predict the resuspended sediment mass rate at the resuspension point,
and thus its source strength and geometry, have been proposed for dredging actitivies (e.g., [6,31,33,34],
see Lisi et al. [13] for a comprehensive review). They give an estimate of source term as a function of the
site (i.e., sediment properties, water depth, currents) and operational (i.e., dredge type, dredge-head
dimension) parameters.

As suggested by John et al. [30] and recalled by Becker et al. [8], the source term may be estimated
either (i) by looking at the sediment concentration increase at the re-suspension area (e.g., [6]), or (ii) by
providing the sediment release rate at the re-suspension area (e.g., [6]), or (iii) by taking advantage of
the definition of the S-factor (e.g., [31,34]) that gives the estimate of the released sediments as a fraction
of the total mass of handled sediments, or (iv) by providing the sediment flux across the area bounding
the re-suspension zone (e.g., [6]). All these approaches are hard to be used in a generalized way as they
are site- and operation-dependent. Indeed, the available conceptual methods for estimating the source
term induced by different re-suspension sources are based on the use of tabular data, e.g., the turbidity
generation unit (TGU) approach proposed by Nakai [31] and the re-suspension factor proposed by
Hayes et al. [34]. On the other hand, the use of empirical formulations involve sets of dimensionless
parameters related to operating and site characteristics (e.g., [6,33,36]).

As for dredging activities, a few conceptual models exist also for other sediment handling works
(e.g., either open water disposal [4,35] or beach nourishments [37]).

In order to overcome the lack of engineering tools, Becker et al. [8] proposed a general approach
able to provide the estimation of source term. Basically, they suggest to estimate the amount of
fine-graded sediments and to distribute the release into the water column after an in-depth analysis of
possible plume sources. Hence, for each phase (excavation, loading/transport and disposal) of the
considered handling work, it is possible to estimate a specific source term fraction to be used as input
for the far-field model if it is properly applied on the computational grid. It can be observed that this
approach perfectly suits the approach proposed herein.

The results of specific in-situ analyses on the sediments to be handled allows estimating the
quantity of fine-graded fraction available to the far field. The fraction expressed by either Ry, (the
fraction of sediments with grain diameter lower than 74 um as per the fine-sediments definition of the
unified soil classification system, e.g., [6]) or Re3 (the fraction of sediments with grain diameter lower
than 63 um as per the Wentworth scale, e.g., [8]) may be used to estimate the fine sediments mass (1 f)
available to the far field (e.g., [8]):

my = pqViRy 1)

where p; is the dry density of the in situ material, V} is the handled volume of sediments and Ry is
the considered fine fraction (either Ry or Re3). The dry mass of fine sediment released into the water
column (m1;,) can be then easily estimated by using a series of empirical parameters (¢):

my = omy. @

Becker et al. [8] (see their Table 1) provide reasonable values of the empirical source term
fraction (i.e., o) for drag-head induced re-suspension (¢ = 0.00-0.03), overflow induced re-suspension
(0 = 0.00-0.20), cutter-head induced re-suspension (¢ = 0.00-0.04), spill from mechanical dredging
(0 =0.00-0.04), disposal by bottom door either mechanical (¢ = 0.00-0.10) or hydraulic (c = 0.00-0.05).
It has to be stressed that the definition of the empirical source term fractions may take advantage of
either monitoring activities or empirical formulations. Just as an example, Hayes et al. [33] proposed
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an empirical formulation aimed at estimating the rate of sediment (r) re-suspended by cutterhead
dredge as a fraction of sediment mass dredged:
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where 7 (%) is the fraction of sediment mass dredged expressed as a percentage (hence intimately
related to the source term fraction o. = r/100), L, (m) is the length of the cutterhead, d. (m) is the
cutter diameter, Vs (m/s) is the swing velocity, a (rounds per second) is the rotational speed of the
cutter, A (m?) is the total surface area exposed to washing, Q (m®/s) is the volumetric flow rate
into the dredge pipe. If overcutting is considered (i.e., the positive sign is used in the numerator of
Equation (3)), Figure 3 shows the estimate of the empirical source term fraction o for varying swing
velocity (V) and varying rotation speed of the cutter («) for a typical 16-in. (0.41 m) dredge (e.g., [33],
d. =1.07m, L, = 091 m, A ~ 1.3 m?). It could be observed that the empirical source term fraction
proposed by Becker et al. [8] (dashed areas in Figure 3) is of the same order of magnitude given by the
more detailed empirical formulation by Hayes et al. [33].
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Figure 3. Empirical source term fraction (c¢) for cutter-head induced re-suspension as a function of the
swing speed (Vs, upper panel) and of the rotational speed of the cutter (x, lower panel) as estimated on
the basis of the model proposed by Hayes et al. [33]. Shaded areas highlight the range suggested by
Becker et al. [8].

It has to be noticed that Equation (2) gives the mass of fine sediments available to the far field.
In order to get the correct estimate of the source term, a sediment flux should be provided. Then,
Becker et al. [8] suggest to simply divide the mass 1, by the time duration of the considered phase
(i.e., either excavation, transport, or disposal). This highlights the importance of the analysis of the work
phases. This is equally crucial when dealing with the timing and the location of the source term within
the computational domain (see Section 5, Figures 4 and 5). Indeed, depending on the operational
parameters of the handling works, the source term can be described by either a time-varying or
constant intensity and by either a time-varying or fixed location. On the other hand, depending on the
spatial resolution of the study, the source term can be described by either a punctual or a finite extent
re-suspension source.
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Figure 4 aims at synthesizing the main features of the source term estimation and how it can be
applied to the computational domain.
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Figure 4. Main steps of the source term module for both the estimation and the application of the
source term in the computational domain.
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Figure 5. Analytical solution obtained by using the model proposed by Di Risio et al. [39].
Typical examples for hydraulic dredging (left) and mechanical dredging (right) are shown. Constant
velocity along x-direction is considered. Dashed lines depict the dredge-head path during the works
execution, square markers indicate the instantaneous location of the dredge-head. Color scale refers to
the suspended sediment concentration (SSC) (g/ m?3).

5. Preliminary Information and Modeling Phases

The modeling approach has to be feasible both from the controlling authorities point of view, that
need reliable results to avoid, or at least to minimize, detrimental effects on the environment, and from
the contractors point of view that have to pay attention to the economic and technical feasibility of
the work.

Within the framework of the preliminary information phase, the preliminary analysis should
be devoted to identifying the need of more detailed studies to prevent and/or mitigate the expected
environmental effects.

The first and more basic preliminary studies are based on the retrieval and analyses of known data
about environmental forcing (i.e., mainly related to hydrodynamics) along with the physical features
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of handled sediments (i.e., fine fraction). This approach allows gaining insight into the big picture of
the phenomena at hand by identifying potential environmental effects. Environmental issues have
to be identified within the frame of a holistic approach, hence by engaging scientists with different
expertise (e.g., [38]). Of course, this phase has strong limitations and needs a more detailed analysis
if significant environmental effects are expected to occur. In this way, the probability of detrimental
environmental effects identified within the preliminary information phase may be confirmed. If this is
the case, a second (and deeper) level of modeling to get reliable expectation in terms of turbidity plume
evolution and deposition rate distribution at and around the work site should be then performed.

When preliminary modeling phase is concerned, the synthetic scenarios approach is considered
the proper candidate to provide fast results. Despite their limitations, analytical models can be
used to provide modeling results taking into account the main features of the phenomenon with
low computational costs. The solutions of the (simplified) governing equations are typically given
in closed-form (they require simple arithmetic operations) or integral-form (they require standard
numerical integration techniques). Simplified models for sediment transport and deposition rate
estimates often rely on the solution of the two-dimensional advection and diffusion equation of the
re-suspended sediments that reads as follow (e.g., [39]):

aC aC aC d aC d aC\ Ws
S UGV e (P oy (D) —a- e (4)

where x and y are the horizontal coordinates; t is the elapsed time; C is the depth-averaged sediments
concentration (intimately related to the SSC); U and V are the x- and y-component of the ambient
current respectively; Dy and D, are the diffusion coefficients; ws is the settling velocity; & is the water
depth; g is the source term, often referred to as re-suspension source strength (e.g., [6]). The latter is
intended to describe the sediments actually available to the far-field passive transport (see Section 4).
Equation (4) neglects the vertical variability of SSC. These models also consider homogeneous
environmental currents (i.e., not variable in space), even if variable over time, homogeneous and
constant diffusion coefficients (albeit with the possibility of simulating anisotropy of the medium and
of the flow), constant depth and constant settling velocity. It is therefore clear that these models can
only be used within the preliminary modeling phase, in which simplified models can in any case
describe salient features of the spatial and temporal evolution of the plume, and thus highlight when
environmental critical issues can potentially occur.

As far as the source term is concerned, analytical models are usually able to evaluate the evolution
of the turbidity plume with a constant production of sediments over time located in a fixed area (often
referred to as continuous source, e.g., [40,41]). Nevertheless, analytical models can take into account
the variation, in both time and space, of location and strength of the re-suspension source during the
work progression (e.g., [39]). Thus, it is possible to provide the temporal and spatial picture of the
resulting plume evolution. Figure 5 shows a typical example obtained by using the analytical approach
proposed by Di Risio et al. ([39]) in the case of dredging activities performed with a hydraulic dredge
and a mechanical dredge. In the former case (left panel), the re-suspension is modeled as a moving
and continuous source with varying intensity. In the latter (right panel), the re-suspension is modeled
as a moving and intermittent source.

Even with their strong limitations, analytical models were demonstrated to be able for describing
the big picture of the phenomenon at hand [39] and for the comparison of the effects for different
scenarios. Therefore, they can be used to address the general environmental questions, allowing
a first rough estimation of the maximum impacted area. Indeed, this is useful to guide more
detailed numerical analysis and to select the more appropriate simulation scenarios in terms of
both environmental forcing and operational techniques.
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6. Detailed Modeling Phase

6.1. Hydrodynamic Modeling

Within the detailed modeling phase, hydrodynamics plays a crucial role. The selection of
the models type and the accuracy levels of the modeling scenarios should be representative of the
project-specific features and of the spatial and temporal scales of the main physical processes driving
the sediment transport phenomena. Then, the analysis has to be based on the environmental conditions
of the intervention site: the complexity of the models implies the knowledge about forcing terms and
the geometry of the site.

Basically, the hydrodynamic modeling is aimed at estimating the kinematic field (i.e., water levels
and currents) responsible for the plume dispersion into the computational domain. The system of
governing equations is rather complex and solved by numerical models with a high computational cost.
This allows the study of very small spatial domains and for short-duration time windows. To overcome
this limitation some simplifications are needed. These simplifications modify the governing equations
(and therefore the processes that they are able to reproduce) to allow the analysis of larger areas and
for longer time windows. In order to simplify the equations, it is important to identify the crucial
key factors forcing the hydrodynamics. Just as an example, wave action plays a key role in the
re-suspension and dispersion of sediments in relatively shallow water, while it can be intended as
a secondary factor in deep water, where stratified phenomena must be taken into account instead.
Indeed, waves and currents interact and influence each other (wave-current interaction). The presence
of wave motion generates alterations in the hydrodynamic field that are almost negligible offshore,
but may become significant in coastal areas. Even in transitional environments, usually characterized
by shallow depths and mainly influenced by tidal oscillations, the action of wind waves produces
hydrodynamic effects (and consequently transport phenomena due to interaction with the seabed)
that are often not negligible. In turn, also the currents field can generate variations on the wave
field (i.e., refraction). This phenomenon may become of great importance in areas such as transition
environments characterized by the presence of river mouths or coastal areas characterized by the
presence of intense local currents (e.g., rip currents, [42]).

Based on the selected driving forces, short wave propagation and long waves effects may be solved
within either a coupled or uncoupled approach. Based on the importance of flow stratification, either
two- (2DH), three- (3D), quasi-three-dimensional (Q3D) or multilayer models have to be considered.
Table 2 synthesizes the applicability of the considered model types for a series of relevant cases
within the frame of the mathematical modeling of physical effects induced by marine sediments
handling works.

When wave propagation is addressed as a main driving force, the coupled approach aims at
describing wave propagation by obtaining a detailed description of its time and spatial propagation.
On the other hand, the coupling may be carried out by using the numerical results obtained by a wave
propagation model as the forcing term of a hydrodynamic model able to give currents and water levels
on a time scale longer than the short-waves period (and vice versa when the effects of currents on the
wave propagation have to be considered).

3D numerical models are based on the resolutions of approximated equations solved in the
three-dimensional space. The approximations (e.g., Reynolds Averaged Navier Stokes (RANS), large
eddy simulation (LES)) are needed to make the numerical models usable within the frame of reasonably
large domains. Nevertheless, they are characterized by large computational costs and then they are
appropriate only when extremely detailed studies are needed. Examples of these models are NEMO
(e.g., [43]), MOHID (e.g., [44]), ADCIRC (e.g., [45]), MIKES3 (e.g., [46]).

On the other hand, 2DH, quasi-3D (Q3D), and multi-layer models are based on equations
integrated along the vertical direction. The use of 2DH models is appropriate when dealing with
marine-coastal environments in which the vertical dimension of the domain, i.e., the water depth, is
significantly smaller than the horizontal dimension (e.g., coastal and transition areas). However, it is
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necessary to pay attention to the applications for which the effects of vertical processes are important,
such as stratified flows (e.g., river mouths with fresh water inlet in a salty environment) or wind
driven circulation that can be characterized by high variations of the current profiles along the vertical
direction. In such cases, it is possible to use models that, although not strictly three-dimensional,
maintain information on the vertical variability of the quantities of interest (e.g., [47]). One approach
is to hypothesize a given structure of the variability of quantities along the depth (Q3D models).
Alternatively, it is possible to use several layers to integrate the governing equations by taking
into account the flow stratification (multi-layer models). Examples of such a kind of models are
SHORECIRC (e.g., [48]), DELFT3D-FLOW (e.g., [49]), MIKE21 (e.g., [50]), SHYFEM (e.g., [51]), POM
(e.g., [52]), ROMS (e.g., [53]), SWASH (e.g., [54]), XBeach (e.g., [55]).

Table 2. Applicability of model type for a series of relevant cases, when model type as well as
computational costs are accounted for. (++) suitable (even considering computational load with respect
to expected results); (+): possible; (0): not completely suitable, hence the results may be affected by the
model formulation; (-): not suitable, hence the results are strongly affected by the model formulation.

Model Type

Case 3D, Q3D, Multilayer 2DH
Shallow water dredging (+) (++)
Intermediate to deep water dredging (++) )
Dredging with re-suspension localized at the bottom (++) )
Dredging with homogeneous (along the water column) re-suspension (+) (++)
Disposal in coastal areas (+) (++)
Disposal in semi-enclosed basins with negligible flow stratification (+) (++)
Disposal in semi-enclosed basins with relevant wind action (++) (+)
Disposal in transitional areas (++) (0)
Disposal in transitional areas with significant stratification (++) )
Disposal in offshore areas (++) (0)

It has to be underlined that the hydrodynamic studies, i.e., the estimate of water levels and
currents, need to take into account several driving forces in the computational domain and at the
boundaries. The former, with different relevance depending on the area of application of the analysis
(coastal and transitional areas, semi-closed basins, offshore areas), is made up of: wind and wave
action, tidal oscillations, inlets characterized by different densities (e.g., river mouths or industrial
discharges) for which it is necessary to take into account the buoyancy effects. The latter, on the other
hand, consists of large-scale forcing, such as tidal induced currents and basin oscillations (e.g., wind
setup, seiches).

The model must also take into account the physical processes related to the interaction of
hydrodynamics with the boundaries of the area of interest (e.g., the sea bottom, the coastline and the
open boundaries) as well as any elements placed within the calculation domain (e.g., coastal defenses,
intertidal morphological structures in lagoon environments, bars or shafts in mouth areas, offshore
structures if detectable by the resolution used in the model).

6.2. Sediment Transport and Deposition Modeling

Models for transport phenomena (dispersion, diffusion, and deposition) require the knowledge of
the hydrodynamic field and the characteristics of the source term in order to produce reliable estimates
of the spatial and temporal variability of suspended sediments (and of any associated contamination).

Numerical models for transport phenomena of suspended sediments are mainly distinguished in
Eulerian and Lagrangian models on the basis of the selected approach to define the governing equation.

The Eulerian approach follows a formulation based on the description of the sediment
concentration point by point, as given in Section 5 by Equation (4) in the special case of a
two-dimensional approach. The resolution of the advection-diffusion equation allows for evaluating
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the space-time evolution of the SSC as a function of the hydrodynamic field and of the specific features
of the source term. Similarly to hydrodynamic models, the governing equations can be simplified
by averaging on small temporal or spatial scales (RANS and LES) by introducing parameters that
represent the turbulence.

The Lagrangian method is based on a formulation that follows the spatial and temporal evolution
of the position of individual particles, each representing a portion of the sediment plume. The main
peculiarity of the mathematical formulation is that the effect of turbulence is represented by a
stochastic formulation modeled by the random vector dqh (random walk models). As an example,
the two-dimensional governing equation in the finite difference framework provided in [5,56] reads

as follows:
o . _ 6k, -

where 7 is the position vector of a specific individual particle, 6t is the time step, 7 is the (horizontal)
current field, kj, is the horizontal eddy diffusivity, and dy, is a vector with dimensionless components
uniformly distributed in the range [—1, +1]. As an example, Figure 6 shows the particles dispersion
due to the nearshore disposal during a beach nourishment intervention estimated by means of a
random walk model.

0 100 200 300 400 500‘ 600 700 800
x (m)
Figure 6. Typical results of a random walk model. The plot (right) refers to the dispersion of fine
sediments due to nourishment (left) projects at a coastal defense cell when submerged breakwaters are
present. Contour lines refer to the bathymetric configuration, arrows to the 2DH nearshore circulation
forced by a sea state propagating along the x-direction, white circles indicate the re-suspension sources,
black dots refer to the instantaneous location of passive tracers.

The use of Equation (5) is based on the hypothesis that the sediment is a passive tracer, i.e., it does
not alter hydrodynamics, but is simply advected by the current field and progressively dispersed in the
water column. The higher the sediment concentration, the lower the validity of this hypothesis, since
the rheological behavior of the sediment-water mixture varies. As a consequence, this approximation
is likely to be more acceptable in the far field than close to the sediment release source. The use of
this hypothesis makes it possible to describe the sediment diffusion and transport process, decoupled
from the hydrodynamic model. Alternatively, this aspect can be taken into consideration by altering
the local value of the fluid density (also dependent on temperature and salinity). Considering that
density also affects the hydrodynamic equations, it is then necessary to solve in a coupled way the
two systems of equations (hydrodynamics and transport/diffusion). Many numerical models for
hydrodynamics simulation include specific modules (Eulerian and/or Lagrangian) for sediment
transport (e.g., [44,57,58]).
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In order to improve the accuracy of the solutions, it is possible to consider different granulometric
classes. In this case it is necessary to solve the equations separately for each class. In particular, this
approach is useful to separate and better reproduce the dynamics of the finest fraction of sediment
that undergoes transport processes in larger areas.

As far as DEP is concerned, there are many formulations available in the literature (e.g., [59-64]).
For the deposition of non-cohesive sediments, it is possible to refer to the formulation proposed
by Stokes, based on the assumption that the flow is in a viscous regime. However, when dealing
with cohesive sediment it tends to underestimate deposition (and consequently to overestimate SSC).
Therefore, in some cases, it is necessary to resort to formulations that take into account the presence of
cohesive sediment (e.g., [65]), which can generate floccules for the attraction between particles that
causes aggregation (e.g., [66-68]). Flocculation influences not only the effective diameter of the settling
particles, but also the density, since floccules have a lower density than sediment particles with the
same diameter [69].

Re-suspension of the sediments is an intensively studied problem but is still of interest (e.g., [70]).
It is important to underline the differences in the re-suspension process as a function of the sediment
characteristics. In fact, the size and density of the particles are the main factors influencing the
re-suspension of non-cohesive sediments. Whereas, cohesive sediments, depending on the composition
and the cohesion levels, can be grouped in two types: those that tend to aggregate into floccules
when re-suspending and those whose re-suspension occurs as a muddy mixture [68]. Furthermore,
cohesive and non-cohesive sediments are generally characterized by different consolidation processes.
Non-cohesive sediments tend to consolidate rapidly and form a layer characterized by constant
erodibility at the same depths. Cohesive sediments, on the contrary, tend to consolidate slowly and
form cohesive base layers characterized by variable erodibility over time and depth. Re-suspension of
cohesive sediments is mostly studied in the case of unidirectional or slowly variable currents (e.g., tidal
currents), although the action of surface waves sometimes plays a significant role. In particular,
the fluctuation of pressure values induced by the waves propagation can weaken and fluidize the
sediment at the bottom [71,72]. The erodibility can also vary in relation to other physical, chemical and
biological factors, such as the mineralogical composition, the presence of interstitial water and the pH,
the ionic composition, the quantity and the type of organic matter in the different types of sediment
(e.g., [68]).

Biological activity can also cause a temporal and spatial variability of the sediment erodibility
(e.g., [73]). Re-suspension formulations are generally based on the comparison between the tangential
stress (on the bottom) due to the hydrodynamics and a critical value of the tangential tension beyond
which the sediment is re-suspended. This critical value is related to the geotechnical characteristics of
the sediment [74,75] and is often assessed on an empirical basis [69].

7. Data Analysis and Representation

Past research works (e.g., [14,21,22,24,26,47,76]) show a lack of tools able to synthesize
numerical results for supporting decision-makers in different design and environmental conditions.
Maps showing the predicted (e.g., maximum and mean) SSC at different water depths and DEP, as well
as time series at different key sites, are recommended to support planning and environmental approval.
However, uniform criteria for the analysis and representation of numerical results obtained within
preliminary modeling phase and detailed modeling phase have to be defined consistently with the
characteristics of the modeling objectives. Indeed, they have to be defined based on the main physical
processes identified as of primary interest for the considered environmental context, operational phase
and environmental critical issues (if any) in the neighboring of the intervention site. Then, they can be
useful also to select modeling scenarios (see Section 3) suitable to assess the fate and transport of the
handled sediments with sufficient accuracy for the purpose of impact assessment.

An integrated, flexible and replicable methodological approach for synthesizing parameters
related to water quality variations that arise from sediment handling activities is proposed herein
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starting from the extension of the environmental assessment method for dredging activity (Dr-EAM)
methodology proposed by Feola et al. [26] to different environmental context (i.e., off-shore, near-shore
and enclosed basin this paper deals with). These evaluations are needed for the assessment of the
environmental impacts related to sediment handling projects and, in particular, for the evaluation of
the severity of impacts on sensitive environmental receptors.

Based on past research works (e.g., [22,26]), it is recognized the importance of defining reference
levels representative of the baseline variability of parameters of interest (e.g., SSC, DEP) before
the handling operations or, during the activities, in reference areas potentially not affected by the
handling works. A series of multiple reference levels with growing environmental criticality should
be used to quantify the significance of the effects related to turbidity plumes during the project
execution (e.g., [77]). These (single or multiple) reference levels must be established based on literature,
site-specific monitoring and expert judgment depending on the project features (e.g., extension,
duration, volume of handled sediments) and the expected interactions with the environmental critical
issues (if any).

The source—-path-receptor model can be used to represent the link between the sediment
re-suspension source (intervention site) and the receptor (e.g., [18]). Although beyond the scope
of this paper, it is important to stress that for a proper correlation between the significance of physical
effects to the severity of possible impacts on the biological compartment, reference levels definition
should also consider site-specific receptor tolerance limits (when they are available and/or they can be
inferred from specific stress-response curves) to the expected water quality variation during execution.
The severity of impacts is related to the presence of the expected and/or detected environmental issues,
their location (with respect to sediment source and local currents), their nature and their ecological
status (Figure 7).

The evaluation of the significance of effects must necessarily consider different aspects of the
induced perturbations to the environmental effects, such as intensity, duration and frequency of
events of SSC and DEP increase (e.g., [10,26,78-81]). The relationship between intensity, duration
of perturbation and the related environmental effects on the specific receptor can be derived on the
basis of site-specific data, on literature data or by expert judgment. When literature information or
field data representative of the study area are not available, the reference levels can be defined using
modeling studies in order to perform an analysis of the variability intervals of the parameters of
interest. It is important to produce maps that summarize the modeling results [14]. Following the
indications proposed by Feola et al. [26], a flexible, consistent and integrated methodological approach
is presented in terms of standard and easily replicable techniques. The approach is suitable to support
the identification and an easy assessment of the magnitude of potential effects in relation to intensity,
duration and frequency of deviations from identified reference levels. In particular, it is useful to define
a discrete number of check-points for extracting time series of output parameters throughout the whole
period of simulation. Check-points have to be regularly distributed in the domain with a spatial scale
chosen as a function of the spatial variability of the numerical results. For each check-point, time series
can be extracted at different depths in the water column and at the seabed then analyzed and combined
to derive suitable statistical parameters and indexes related to intensity, duration, and magnitude of
exceedance of reference levels. Maps representing these parameters allow direct comparison of effects
due to sediment handling works activity at progressive distances from the re-suspension zone. If the
selected parameter is of hydrodynamic type, it will be possible to identify, for each scenario on both
a seasonal and annual basis, zones with a different agitation level, as it will be possible to represent
the spatial variability of the dispersion and deposition of the turbidity plume as SSC in water column
and DEP at the bottom. To account for the combined effect of different parameters (e.g., duration and
intensity), that cannot describe the significance of the exceedance of the reference level if separately
considered, different methodological approaches can be used.
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Figure 7. Scheme of the interactions between the significant physical effects related to the exceedance
of reference levels (RLs) for SSC and sediment deposition rates (DEP) parameters and the severity of
impact related to tolerance levels defined as a function of the status of sensitive receptors (if any).

A first approach for the definition of the significance of physical effects involves the use of
a series of reference levels, the exceedance of which leads to the identification of intensities and
durations. As an example, Figure 8 shows some indicative reference levels for intensity (SSCgp)
and duration intervals (T),;5yx rr), i-e., the maximum duration of time windows during which SSC
exceeds the specific SSCg;. The significance of the environmental effects is then defined in terms of
a combination of SSCgy and T4y rr. Of course, the same method may be performed by changing
the reference levels as a function of the specific receptor or by using other pairs of meaningful
parameters (e.g., frequency of occurrence, [78]) on the basis of project-specific and/or site-specific
and/or receptor-specific evaluations. In particular, synthetic maps are defined for each reference
level in terms of intensity (e.g., SSCry, = 10, 20, 50 mg/L in the example shown in Figure 8) storing at
the single control point the significance value of the effect associated with the maximum duration of
uninterrupted persistence of SSC above the specific value. From the overlap of the maps, the maximum
value of registered significance is obtained for each specific control point. Maps can be overlapped
to the location of sensitive habitats and ecological receptors in order to relate the sediment plume
dynamic with different targets.

A second approach involves the use of a single index. Feola et al. [26] proposed to use the SSC
number (SSCyum; mg s/L, e.g., [82]) that gives integral information about intensity, duration and
frequency of exceedance of reference level. Basically, it is defined, for each simulation scenario (i),
as the sum of the products of the mean intensity above reference level (S5C,cs,_r1,;) and the related
duration (t;, j = 1... M;, with M; the number of the considered events). Then, it reads (e.g., [26,82,83]):

M;
Sscnum,i = Z SSCmeun_RL,itj (6)
=

where SSC,,,.; is the SSC number related to the specific i-th scenario. Maps of this integrated index
can be then evaluated by analyzing the time series for each control point and for different values of the
reference level.
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Figure 8. Example of maps of the significance of effects (based on intensity and duration) related to
events of exceedance of reference levels (RLs). Significance classes are defined evaluating intensity
and duration of exceedance of reference levels for increasing SSC (SSCgy, = 10, 20, 50 mg/L). Final
significance level is the integrated result obtained by maps overlapping (right map).

Further useful analysis should be suitable to quantify the spatial and temporal variability
of the effects associated with the dispersion of the turbidity plumes as a function of the distance
from the sediment source. For these purposes semi-variograms can be used (e.g., [84]). Basically,
the semi-variogram is defined as half of the averaged squared difference of the parameter at hand
(SSC in this case) between points located at different distances. Then, the analysis of the semi-variogram
allows the direct measurement of the spatial scale of the transport phenomena resulting from the
generation of the turbidity plume and can be used to quantitatively compare the extent of the areas
affected by the sediment handling activities (influence zone) related to different scenarios of simulation.
The use of the semi-variogram provides the estimate of the variance (alteration with respect to the
undisturbed value) of the parameter at hand modeled as a stochastic variable, and the estimate of the
physical intensity of the alterations with respect to the undisturbed value.

8. The Role of Monitoring

8.1. Modeling and Monitoring Feedback System

Modeling-monitoring interactions are often recommended in environmental impact assessment
procedures (and other regulatory frameworks) for assessing the compliance of selected operational
criteria with the established environmental requirements. Basically, the selection of the modeling
accuracy, and of the type of data to be collected as well, heavily depends on the general requirements
of the various monitoring phases (before, during and after execution monitoring, e.g., [18]), and on the
short- and long-term effects to be verified. Different types of data must be collected for determining
the dynamics and the composition of turbidity plumes. The most common parameters needed to
validate models are: sedimentological, meteo—climatic, hydrodynamic, water quality, topo-bathymetric
and descriptive (e.g., coastline features, the presence of infrastructures or specific land-uses) data.
The objective of measuring physical parameters not directly related to water quality (e.g., currents,
waves, water elevations) is to provide information on how long a plume can remain in a particular area
and on the time required for its dispersion to adjacent waters, as well as considering factors that may
increase turbulence in the water column causing additional turbidity and preventing sedimentation.

In order to optimize a modeling-monitoring feedback system, typical environmental questions to
be answered in the early preliminary planning phases are: (i) what types of sediment spill sources
could be expected/distinguished (e.g., single point-spill event, continuous point-spill over a certain
period); (ii) whether suspended sediments will leave the dredge- or dump-site; (iii) where the material
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will go and how much material will remain in the water column after a certain time. The most
used parameter to characterize sediment plumes is turbidity, calibrated with in situ total suspended
solids measures (TSS), defined as the total mass of material in a given volume of water, in mg/L.
Nonetheless, establishing a reliable relationship between TSS and turbidity is not always possible
because of the variation in characteristics of the suspended material. For defining turbidity values three
aspects are usually considered: (i) turbidity level in the dredging area; (ii) the horizontal dispersion of
the sediment cloud (for different hydrodynamics conditions); (iii) the settling time of the sediment
cloud after cessation of operations. According to Pennekamp et al. [32], monitoring results allow
the evaluations of the depth-averaged background concentration, of the characteristic increase of
depth-averaged concentration at different distance from dredging/disposal activity, of the decay time
of the re-suspended sediment after the execution of handling operations after which the turbidity return
to background values, of the source term. In addition, chemical-physical parameters (temperature,
salinity, conductivity and density conditions) are important to identify when sediment plumes
significantly differ from the surrounding water. Dissolved oxygen and pH are commonly measured
as indicators of water quality and of potential impact on biological resources (e.g., re-suspension of
anoxic sediments may lower dissolved oxygen concentrations in the water column).

Fixed stations are required for comprehensive and regular monitoring over time. In fact,
continuous time-series (single point or profiler) provide valuable information on the temporal
variability of the monitoring variables along the water column. In particular, fixed stations allow
collecting the background conditions during different environmental conditions before the execution
of the works and to verify the selected reference levels during their execution.

During the execution phase, both fixed and mobile monitoring stations are required.
Mobile stations (e.g., samplings from a vessel) are required when measurements at various locations
over short-periods of time are needed, to one or more water depths, and to track the near-field
plume through the water column. These types of measurements allows us to follow any change of
the operational techniques that could influence sediment spill concentrations. Sampling time can
be significantly increased depending both on site conditions (e.g., water depth and rate at which
hydrodynamic conditions can vary) and on the purpose of the monitoring project phases.

The selection of the monitoring tools (i.e., fixed platforms, vessels, or towed vertical profilers)
and of the sampling techniques is important to maximize the usefulness of the modeling-monitoring
feedback system within the different phases of the project. Thus, understanding the advantages
and limitations of the various available sampling techniques is important to determine the most
cost-effective approach for sediment plumes monitoring. In general, using multiple instruments on
the same platform reduces sampling time and provides synoptic measurements of the parameters
being measured.

Based on the results of the monitoring and modeling analysis, it is possible to deepen the
understanding of the system and its responses to pressures induced by changes on the involved
environmental variables (chemical-physical and biological). Then it is possible to modify the design and
monitoring choices. Mathematical models allow hydrodynamic and sediment transport evaluations
(in time and space) for different selected spill scenarios, supporting the optimization of both work
plans and environmental monitoring programs in the different project phases taking into account
operational and environmental aspects. Monitoring data, on the other hand, are crucial to define input
for near-field and far-field models, as well as for their calibration and validation and to verify the
reliability of the modeling simplifications and results. For efficient management of sediment handling
works, the modeling-monitoring feedback system is recommended herein as part of the proposed
integrated modeling approach. The main relationships between modeling and monitoring activities
and the main details on various deployment platforms for data collection (fixed platforms, vessels,
or towed vertical profilers) at different stages of project design are highlighted in the followings.

Figure 9 shows the main interactions within the modeling-monitoring feedback system that
should be carried out to verify the feasibility and the environmental compatibility of interventions
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in various design, execution and monitoring phases (i.e., before, during and after execution).
In the preliminary design phase (i.e., before works execution), the modeling-monitoring feedback
system serves as a supporting tool for the approval of work plans and for designing of suitable
monitoring programs. In this context, the feedback between preliminary modeling spill scenarios
and baseline-monitoring allows the selection of background conditions not related to the works
execution. In particular, the determination of statistically reliable reference levels for the selected
variables (e.g., SSC, DEP) will allow, during execution, to analyze monitoring and modeling results
and to evaluate whether mitigation actions should be taken. Indeed, in the early stages of monitoring
planning, site-specific information on types, distances and status of any sensitive objectives and
receptors is needed for relating the significance of effects in terms of physical changes to the severity
of impacts on critical targets (see Section 7).
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Figure 9.

Scheme of the modeling—monitoring feedback system in the different phases of
design, execution and management of handling operations. In the scheme, MMFS stands for
modeling-monitoring feedback system; BE-BDS, DE-PDS and AE-PDS for project data sheets
(PDS) before execution, during execution, and after execution, respectively; EIA for environmental
impact assessment.

In fact, during and after sediment handling works, the modeling—monitoring feedback system
is useful to verify (in the short-term) the fulfillment of the selected operational criteria and (in the
short- and long-term) the compliance with the requirements of environmental protection mechanisms
including legislation, contractor conditions and sustainability protocols [18]. In particular, changes
of selected variables (e.g., SSC) can be compared with the selected (single or multiple) site-specific
reference levels for water quality. For the short-term assessment, the surveillance monitoring is
performed in the execution phase, trough the combined use of fixed and mobile (on-vessel) monitoring
stations (see VBKO [85] and Aarninkhof et al. [86] for more details). This provides extensive sediment
flux data useful for early warning to ensure that the amount of sediment re-suspension and dispersion
is kept below the site-specific reference levels. Moreover, field data are crucial to validate the models
to reduce the modeling uncertainties (i.e., the estimation of source terms). In addition, increasing
knowledge on operational factors used to perform the sediment handling operations (e.g., more details
on time schedule, production rate and type of dredges) should be considered for the set-up of more
detailed modeling studies and for periodic reviewing of monitoring programs [17].
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For interventions of considerable extension or in presence of very sensitive environmental critical
issues (e.g., handling of pollutant sediments), the implementation of models in operational mode
is useful to handle (mitigate or prevent) critical conditions that may occur during works execution
(e.g., time windows of adverse weather and sea conditions, distribution of sediment concentration and
sedimentation rates caused by natural or anthropogenic actions). In particular, the use of models in
operational mode is recommended, as support to contractors and controlling authorities to promptly
adopt proper alert procedures (e.g., interruption or modification of operations, implementations of
mitigation measures) selected within a short term operation plan (STOP) aimed at ensuring that key
parameters remain below specified alert levels (in term of both intensity and duration of exceedance),
when these are forecast in one or more target points.

For the long-term assessment, a comprehensive and regular monitoring must be performed by
means of fixed stations, including both the area involved by dispersal of re-suspended or spilled
sediments and one or more periodic control points located in undisturbed areas (identified in advance
trough the numerical modeling activities) and near environmental sensitive areas (if present). In this
case, long-term scenarios should be implemented to forecast long-term effects and then verified through
field measurements after the completion of the sediment handling operations. In particular, for a
proper management plan, after works execution, monitoring should be performed until undisturbed
conditions or a new stable equilibrium of the marine ecosystem (based on environmental considerations
and criteria provided by controlling authorities) are achieved.

8.2. Management of Monitoring Data and Information Flow

According to the Adaptive Management approach (e.g., [7,17,87]), a sharing process between
the contractor and the authority regarding the modeling-monitoring feedback system (to be foreseen
before, during and after the conclusion of detailed studies) is desirable. The sharing process should
include standard decision-making procedures and should be functional to optimize the work plan,
the mitigation procedures (such as, modifications of dredging schedules, decrease of spill and overflow
using special return pipes, closed grabs or clamshells, silt curtains or screens around dredgers) and the
monitoring program (number, location and sampling frequency of the stations).

Moreover, within a modeling-monitoring feedback system, the implementation of an
environmental information management system (EIMS) is encouraged to constantly enrich the
available and usable data-set for a better application of the proposed integrated modeling approach
(before, during and after each design and monitoring phases). In particular, project data sheets (PDSs)
are promoted for a systematic collection and adequate dissemination of environmental (e.g., climatic an
hydrodynamic conditions) and operational data (e.g., details on dredging equipment and techniques,
production rate, work time schedules, type and operating mode of any mitigation measures) to
be organized in a specific standardized, homogeneous and easily manageable format. This is in
order to maximize the usefulness of monitoring data within the various design phases of the same
project and to support the initial phases of future projects characterized by similar environmental
and operating conditions. Indeed, the availability of data can be useful to increase the reliability
of the modeling hypotheses, in particular for the estimation of source term. Information sheets
can be considered as guides for data collection. In order to maximize the usefulness of PDSs their
compilations should be performed with a frequency suitable to represent the natural background
turbidity (e.g., for representative weather and sea conditions, vessel traffic). During the works, it is
desirable to compile them also when operational parameters and site-specific environmental conditions
change. In particular, the use of standard methodologies for the compilation of project data sheets
before execution (BE-PDS), during execution (DE-PDS) and after execution (AE-PDS) phases (see
Figure 9) will allow a good efficiency for calibration and validation processes and reliability of the
obtained modeling results.
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9. Concluding Remarks

This paper deals with the mathematical modeling needed to assess the physical effects induced
by sediment handling operations in marine and coastal areas. In particular, it aims at:

e  proposing an organic and comprehensive framework about the physical effects induced by
sediments handling operations;

e  detailing a broad-spectrum modeling approach intended to support contractors and controlling
authorities in planning and managing sediment handling operations;

e illustrating an integrated, flexible and replicable methodological approach for synthesizing
numerical results;

e highlighting the main features of the required modeling-monitoring feedback system.

The proposed integrated modeling approach for simulating sediment dispersion is intended as a
flexible framework to estimate sediment dispersion due to marine sediment handling operations. It has
been developed to assess the spatial and temporal variability of suspended sediment concentration and
deposition rate by means of hydrodynamic, sediment source and transport models implementation.
Different levels of accuracy are suggested for different project and operational phases based on
the presence of environmentally sensitive critical issues (if any) and the classification of specific
environmental contexts: coastal areas, semi-enclosed basins and offshore areas. In particular, paying
attention to the feasibility of the modeling studies, it is proposed to perform a series of analyses with
increasing details. Then, detailed (and computational onerous) simulations are suggested only if
critical issues are likely to arise based on preliminary information and modeling phases. In order to
guide the readers in all the steps of the proposed methodology, a further paper dealing with a series of
case studies is in preparation.

One of the main uncertainties in the proposed integrated modeling approach implementation is
related to the sediment source estimation. Indeed, site-specific data are required to obtain accurate
estimate for release/sedimentation fluxes related to excavation, loads and dumping phases. Here the
combined use of in situ data and numerical results is claimed to be powerful. Whereas the numerical
results represent the variability of suspended sediment concentration at different time-scale far from
the intervention site with acceptable reliability, in situ data are needed to gain insight on detailed
aspects of the processes that influence its variability along the horizontal and vertical directions.
Specific measurement and monitoring campaigns are among the challenges for giving more accurate
model results. Then, the modeling—monitoring feedback system is proposed to be well suited as a
framework to support the modeling practice, both with respect to the model and the data requirements.
As part of the proposed modeling approach, it contributes to an integrated and application-oriented
use of models and observations to monitor physical processes in different project phases (also in
operational setting). Moreover, within a modeling-monitoring feedback system, the implementation
of an environmental information management system and the compilation of project data sheets are
promoted for a better application of the proposed integrated approach approach (before, during and
after each design and monitoring phases). In particular, project data sheets compilation is encouraged
to constantly enrich the available dataset and to maximize the usefulness of field data acquired during
the various design phases of the project to be monitored and to support the initial phases of future
projects characterized by similar environmental and operating conditions.
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Abstract: The effect of the underwater bar position on a sandy beach profile was studied on a
timescale of one storm, using the XBeach numerical model. The largest shoreline regress occurred in
the first hour of storm. For the chosen wave regime an underwater profile close to the theoretical
Dean’s equilibrium profile is formed after 6 h. The position of the underwater bar affects the shoreline
retreat rate. The lowest shore retreat occurs when the bar crest is located at a distance equal to
0.70-0.82 of the deep-water wavelength, corresponding to the period of the wave spectrum peak.
The maximal shoreline retreat occurs when the bar is located at a distance that is close to a half
wavelength. The shoreline recession depends on the heights of low-frequency waves. The smaller the
mean wave period and the higher low-frequency waves” height near the coast, the smaller the retreat
of the shoreline. The distance of seaward sediment transfer is directly proportional to the significant
wave height near shore.

Keywords: coastal zone; storm deformations; underwater bar; XBeach; wave transformation;
cross-shore sediment transport; equilibrium profile

1. Introduction

Hydrodynamic processes are important factors in coastal zone evolution. The off- and onshore
relief of sandy beaches is deeply bound with the wave regime. The wave climate and its variations are
main mechanisms of cross-shore sediment transport in the coastal zone; for instance, the formation
and movement of underwater longshore bars, which are observed on many sandy coasts [1-3].

Around 10% of sea coasts have underwater bars [4]. The timescale of longshore bar formation
and movement can vary from days to months [5]. According to laboratory experiments [3], under
weak or moderate waves, the underwater bar moves shoreward until it joins the coast and disappears.
Stronger waves switch the direction of the bar movement seaward. With changing wave conditions,
the underwater bar can stay approximately at the same place and be considered stable [3].

Underwater bars are specific features of the bottom relief, so that they affect a wave transformation
process within a coastal zone. As a result, the bars have influence on a cross-shore sediment transport
and shoreline deformations. The wave transformation over barred profiles of sandy beaches and the
corresponding morphodynamical features are a challenging and intensively studied topic [1-3,6].

Nevertheless, the role of underwater bar positioning in shoreline dynamics is still not obvious.
From an engineering point of view, this issue is important for coastal defense, and it should be
clarified [7]. Artificial underwater bars and reefs that imitate natural structures have become popular
in coastal engineering [8]. Such constructions (breakwaters) are installed in order to decrease the
wave load on the coast and reduce erosion. The decline of wave energy occurs due to breaking and
shortening of the mean wave period by non-linear dispersive wave transformation over bars [9].
A similar effect is also detected in studies devoted to the impact of wave farms on nearshore wave
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conditions and coastal protection [10]. It is crucial to find an appropriate position and an optimal shape
for artificial underwater structures, in order to obtain the maximum benefits. Thus, a detailed study of
the influences of the bar position on wave transformation, the corresponding sediment transport in the
coastal zone, and the rate of wave-induced shoreline erosion, is a very important scientific and coastal
engineering task.

The goal of this work is to investigate the influence of the underwater bar position (off a non-tidal
sea coast) on the transformation of waves above it, and on corresponding cross-shore sediment
transport, on the timescale of a strong storm.

2. Materials and Methods

During the field experiments at the Shkorpilovtsy study site (Black Sea, Bulgaria) [11], we noticed
the festoon-shaped features of the shoreline. Satellite images show that the onshore festoon-pattern is
accomplished by crescent underwater bars (Figure 1). According to long-term observations [11,12],
the bars migrate slightly, depending on variations in the wave conditions. The shoreline shape has
inter-annual variations that are possibly associated with the features of the underwater bottom relief.
This fact induced us to prove the idea that the location of the underwater bar defines the shape of
shoreline to some extent.

scientific pier
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Figure 1. Satellite image of the crescent underwater bars at the Shkorpilovtsy study site (Image © 2017
Digital Globe). Dotted line: the crest of the bar; solid: the water’s edge.

Numerical computation by using XBeach [13] has been chosen as a main tool, because this is a
well-developed and popular open-source hydrodynamic and morphology modelling package [14,15].
The non-hydrostatic mode of XBeach, which we used for wave and bottom changes modelling, resolves
short waves and provides an accurate reproduction of wave propagation in shallow water [16]. In
contrast to stationary or surf-beat mode, the non-hydrostatic mode resolves the wave profile, and it
does not require additional wave asymmetry correction.

Although the main goal of the research involves a purely numerical experiment, it is still
important to set reasonable realistic boundary conditions. For this purpose, we used field observations
(bathymetry and sediment properties) from the Shkorpilovtsy study site [17], as well as information
about the wave climate in the north-western part of the Black Sea [18,19].

A numerical grid (1D) was built, based on a set of 12 cross-shore profiles, measured in a frame of
the international field experiment “Shkorpilovtsy-2007”. All of the observed profiles that were made
along the beach had a bar that was located at different distances from shore. From the observed data,
we obtained a characteristic shape of the bottom profile and the underwater bar.

The average bottom profile on the Shkorpilovtsy coast has no bar. It has a slope of 0.022, a slight
increase of the slope in the upper part, and a small terrace at 2-3 m depth. This profile was considered
to be used for modelling, and it was a basis for the creation of a set of barred profiles.

The characteristic shape of the underwater bar was superimposed with a mean profile at a
different distance from the shoreline. Thus, five synthetic profiles were created with different bar
positionings (Table 1, Figure 2).
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Table 1. Parameters of the initial profiles.

Profile
Parameter
0 1 2 3 4 5
Depth over the bar crest, m None —3.07 —2.68 —2.38 —2.20 —2.08
Bar crest location (x-coordinate), m None 714 730 748 762 784
s None M1 w0 @7
length (L)) (0.82) (0.72) (0.62) (0.54) (0.42)
4 =
2 Profile 5
—— Profile 4
e 0
- —— Profile 3
s -2 4
g ——— Profile 2
o4 - —— Profile 1
-6 —— Profile 0
‘8 T T T 1
600 650 700 750 800 850 900
Distance, m

Figure 2. The cross-shore profiles used as the model bathymetry input.

The spatial resolution of the grid was set to 2 m, as calculated using Matlab Toolbox, which has
been created and recommended specifically for this purpose, according to the XBeach developers.
The Toolbox helps XBeach users to choose appropriate grid settings, taking into account the wave
parameters and the relief characteristics. The Black Sea is a non-tidal sea, and so the initial water level
was set at 0 m for all of the simulations.

The sediment on the Shkorpilovtsy beach are anisogamous quartz sands. More than 95% of
the bottom sediments in the upper part of profile (till 2.5 m) are coarse-grained or medium. For the
modelling, we used medium grain, with a diameter D50 (d50) of 0.2 mm.

The validation of XBeach, which has been made by developers and users, shows that this package
can be successfully used in non-hydrostatic mode with the default settings [20]; however, some studies
have shown that XBeach overestimates coastal erosion [21], which we also noticed from our analysis
of the field data and the modelling results. For study site conditions, we tested XBeach with stationary
and non-stationary (Joint North Sea Wave Project Spectrum - JONSWAP) wave inputs, and compare
these with the synchronous observations carried out during field experiment <Skorpilovtsy-2007>
(Figure 3). The results could be considered reasonable.

2

E\ -] 20 40
£a
[=%
[
o -2
— initial observed profile
o —— profile observed after 7 hours
& Modelled profiles:
—— JONSWAP wave input
g — stationary wave input

Distance, m

Figure 3. Results of the XBeach verification for the Shkorpilovtsy study site, for cases of 7 h wave
action (significant wave height Hs = 0.9 m, and spectral peak period Tp =7 s).
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The goal of the research was to investigate the wave-bottom adjustment on the time scale of
one storm. For this reason, we defined the wave input in accordance with typical storm conditions,
presented in the wave climate descriptions of Black Sea [18,19]. The wave input was set at the sea
boundary of the numerical grid (=860 m from shore) in the form of JONSWAP wave spectra, with the
following parameters: peak enhancement factor y = 3.3, significant wave height Hs = 1.5 m, spectral
peak period Tp = 10.5 s, wave energy-spreading angle & = 2.5°. A storm with wave heights of 1.5 m was
considered to be a dangerous hydrometeorological phenomenon in the Azov-Black Sea region [22].
A wave period of 10.5 s corresponded to extreme storms with return periods of 25 years [18]. The
duration of a single storm event was set to 20 h, in accordance with the criteria developed for the Black
region by Belberov [23], and for Atlantic coasts by Lozano [24], also taking into account the World
Meteorological Organization recommendations for meteorological observations [25].

The modelling process was organized according to the following algorithm. In first hour of wave
action, there was no morphology changes, but there was a wave output with very fine time resolution
(6 Hz). Modelling was continued for another 20 h, with relief changes enabled. The output of the
bathymetry was set every hour.

From the first step of the computation, we obtained free surface elevation data along the profile
between the coordinates 620-820 m (see Figure 4). This part corresponded with depths of 2-6 m. The
sampling frequency of the time series was 5 Hz. Chronograms were used for the calculation of the
wave spectra, and for the following wave parameters [26]:

1. Significant wave height (in m), calculated as:

Hg =4-\/mq @

where: .
my = .S(w)dw 2

/

and S(w) are the spectra, w is the angular frequency, with linear frequency filters: 0-0.05 Hz chosen to
account for a significant wave height of low frequency range, including infragravity waves (Hyg).
2. The mean wave period(s) is/are as follows:

fS(w)dw
Tinean = OQO (3)
Jw-S(w)dw
0

3. The wave asymmetry coefficient (with asymmetry relative to the vertical axis):

G
As = <(773> (4)
where () is the averaging operator, { are the free surface elevations, ¢ is the standard deviation of the
free surface elevations, and {p is the Hilbert transform.

4. The wave-skewness coefficient (relative to the horizontal axis):

@)
Sk = = (5)
From the second step of computation, we obtained the hourly data of the computed morphology
changes for over 20 h of wave action. Based on a set of calculated profiles, the coastline retreat and the
change in the underwater bottom relief were evaluated.
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The parameters of the underwater bar for the initial profiles (input conditions) are shown in
Table 1. The wave length was determined by the dispersion relation of the linear waves’ theory for the
spectral peak period.

3. Results

Figure 3 shows the underwater bottom profiles, both initially and the result of 20 h storm
modelling. The resulting deformations of the underwater profile are presented in Table 2. The change
in all of the beach profiles was characterized by erosion in the splash area, the transition of material
seaward, and its accumulation at depths of more than 1 m. However, the activity of erosion and
accumulation processes on profiles with different bar locations varied.

wave analysis area wave analysis area

Profile 0 Profile 1

600 650 700 750 800 850 900 600 650 700 750 800 850 900

2 4
4 een

Profile 3

600 650 700 750 800 850 900 600 650 700 750 800 850 900

2 4
4 eed
" -6 1 .
Profile 4 § Profile 5

T 1 - T T T T T 1

600 650 700 750 800 850 900 600 650 700 750 800 850 900
Distance, m Distance, m

=<« Equilibrium (Dean) profile —— Initial profle —— Resulting profile —— Breaking zone

Figure 4. Initial and resulting profiles after 20 h of wave action (Hs = 1.5 m, Tp = 10.5 s), location of the
breaking zone, and theoretical shape of the equilibrium profile calculated for a grain size of 0.2 mm.
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Table 2. Main changes in model profiles after 20 h of wave action.

Profile
Parameter
0 1 2 3 4 5
Depth over the bar crest, m None —3.21 —2.86 —2.59 —2.37 —2.18
Distance between the shoreline and the bar None 141 125 107 93 73
crest (X), m (distance (X)/wavelength (L)) (0.82) (0.72) (0.62) (0.54) (0.42)
Shoreline regression (Sh), m 14.8 14.3 15.3 16.7 17.6 15.6
Average accretion layer, m 0.34 0.29 0.30 0.41 0.50 0.61
Distance of sediment transportation (x), m 76 36 98 8 70 54

(Distance of sediment transportation (x) /

Wavelength (L) (044)  (050)  (057)  (048)  (0.41) (0.31)

In general, if a bar is located closer to the coast and it has reduced depth above it, several patterns
can be distinguished: the rate of shore erosion increases, the thickness of the sediment accumulation
layer in the underwater part of the profile decreases, and the distance of sediment transfer to the
sea grows (Table 2). However, the shoreline recession (Figure 5a) on the profile with the furthest bar
position (0.82 from the wavelength) was substantially less than that of the profile where the bar was
located closer to the shore (0.42 from the wavelength). The coastline degradation on the profile where
the bar was positioned at 0.54 from the wavelength was maximum for all of the considered profiles.
The seaward transfer distance of the sediment (Figure 5b) was maximal on the profile where the bar is
positioned, at 0.82 (profile 1) from the wavelength. In all cases, there was no transport of sediments
beyond the bar (Figure 4).
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Figure 5. (a) Shoreline regression (Sh, m) and (b) distance of seaward sediment transport, in terms of
wavelength (x/L) independence of the initial bar location (X/L). X is the distance between the bar crest
and the shoreline, x is the distance of the maximum amounts of sediments that are transported away
from the shore, L is the wavelength calculated for deep-water conditions

Compared to the profile without a bar, the profile with the furthest bar location (the relative
distance from the coast is 0.82 of wavelength) reduces the degree of shoreline degradation. The profile
with the closest position to the bar (a relative distance from the coast of 0.42, or less than half the
wavelength) worked best as a barrier against carrying the beach material seaward to depth. Compared
with a barless control profile, an underwater bar at some relative distances from the coast could lead to
an increase in coastline degradation.

Under the storm waves, slight deformations of bars also occurred (Figure 4): the reduction of its
relative height, the deepening of the bar top (on profile 5), and a retreat of the bar crest (2—4 m) towards
the sea (on profiles 1, 2, and 4). The bar shape changed with regard to its slope oriented towards the
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coast, which became less steep due to the filling of the bar trough. Such movements of the bar crest
and the change in its asymmetry are generally consistent with the data of field observations [17].

The process of the retreat of the coastline and the transformation of the coastal zone relief occurs
non-uniformly over time. Figure 6 shows the changes in the coastline retreat speed after 10 h of wave
action, for profiles with maximum (4) and minimum (1) changes. The fastest shoreline retreat was
observed during the first hour of the storm for all profiles: it varied from 4.5 to 6.5 m/h. Erosion
activity slows down over time. After 6 h of wave action, the beach profile adapts to the specific waves
occurring, and assumed a relatively equilibrium state. The shoreline regression rate became ~0.5 m/h,
and it remained approximately the same for all profiles.

7

N w £ (o)} [e2)

-

Speed of shoreline regression, m/h

o

(| 2 3 4 5 6 7 8 9 10
Wave action duration, h

Figure 6. The speed of shoreline regression (m/h) variations during the numerical experiment that
was run on profiles 1 (black) and 4 (red).

Regardless of the initial underwater relief, an underwater terrace was is formed on for all profiles
(Figure 4), representing an equilibrium profile that was close to the theoretical classical Dean’s profile
proposed in [27]:

h= Ax*/3 (6)

where A = 0.1, calculated for a sediment grain size of 0.2 mm [26]. The formation of an underwater
profile of similar shape with a terrace under the influence of uniform storm waves was also observed
by us in the field experiment “Shkorpilovtsy 2007” [17].

Different degrees of coastline degradation during the first hour of the storm can be explained by
differences in the transformation of the storm waves along the bottom profiles. Figure 7 shows the
dependencies of the change in the coastline retreat, and the sediment seaward transfer distance on the
relative change in the significant wave heights, as determined by the ratio of the corresponding values
before and after the bar (with coordinates on model profiles 620 and 820 m). The significant wave
height slightly decreases when the waves came nearer to the shore, but the decline was more strongly
expressed in profiles 4 and 5, where the bar is located near the shore. On profiles 1-3, the significant
wave height fall was less than in the profile without a bar. The distance of seaward sediment transport
directly depends on the significant wave height: the greater the height, the further the material is
transferred (Figure 7b). The relation between the shoreline regression and the change in significant
wave height was not so clear (Figure 7a).
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Figure 7. Dependence of (a) the shoreline retreat (Sh, m) and (b) the relative distance of seaward
sediment transport (x/L) on the relative change in significant wave height (AHs, m) occurring during
wave transformation over barred profile (620-820 m, see Figure 4). L is wave length calculated for deep
water conditions, x is distance of maximal sediments transport away from the shore

The shoreline retreat is influenced more by the mean wave period than by wave height. Figure 8
depicts the relation between bottom deformations and relative change of mean wave period determined
by the ratio of the corresponding values before and after the bar (coordinates on model profile 620 and
820 m). The smaller the change in the mean wave period, the smaller the degradation of the coastline
(Figure 8a). Such a change of parameters occurred in profile 1, with a bar being located at a distance
from the shoreline of 0.82 of a wavelength. There was no clear dependence of sediment transport on
the mean period.
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Figure 8. Dependence of (a) shoreline retreat (Sh, m) and (b) the relative distance of seaward sediment
transport (x/L) on the relative change in the mean wave period (ATmean, s) occurring during wave
transformation over a barred profile (620-820 m, see Figure 4). L is the wavelength calculated for
deep-water conditions, and x is the distance of maximal sediment transportation away from the shore.

The modelling of profiles with five different bar locations shows that a growth of significant
height in the low-frequency waves after passing a bar leads to a decline of coastline degradation
(Figure 9a). This relation is close to linear, except for profile 5, where the change in the low-frequency
wave height is the same, but the shoreline regression rate and the distance of seaward sediment
transport (Figure 9b) are different. This could be caused by the different natures of low-frequency
waves. Waves of low-frequency bands can include infragravity waves (IGW) of different kinds: bound
long waves and break point-forced long waves [6]. Previous investigations have shown show that
various IGW affect the coast in two different ways: a) bound long waves protect the shore, b) the
break-point forces long waves, leading to an intensification of near-shore erosion [28].
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Figure 9. Dependence of (a) the shoreline retreat (Sh, m) and (b) the relative distance of seaward
sediment transport (x/L)over a on relative change in mean wave period (ATmean, s) occurring during
wave transformation over a barred profile (620-820 m, see Figure 4). L is the wavelength calculated for
deep-water conditions, x is the distance of the maximal sediments transported away from the shore.

The presence of the underwater bar changed the symmetry of the waves. The wave skewness,
after passing the bar (the x-coordinate on the profile was 820 m), remained almost similar ~ 1.6 for
all profiles. High values of the skewness coefficient show that breaking in XBeach model is probably
described as spilling, because in observations and laboratory experiments plunging breaking waves
have skewness less than 1 [29]. Waves breaking by spillage are symmetric relative to the vertical axis,
they have sharp crests and flat troughs, while plunging breaking waves have steep fronts [30].

The wave asymmetry coefficient behaves differently. Figure 10 shows the wave asymmetry
coefficient in a nearshore area (the 820 m coordinate on the profile) and its relation with shoreline
regression and seaward sediment transport distance. According to the model data, the more
asymmetric waves are after the bar, the less the coastline degrades.
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Figure 10. Dependence of (a) shoreline retreat (Sh, m) and (b) the relative distance of seaward sediment
transport (x/L) on wave asymmetry (As) after wave transformation (near the shore, at the x-coordinate
820 m). L is the wavelength calculated for deep-water conditions, and x is the distance of maximal
sediments transported away from the shore.

The most asymmetric waves behind the bar were observed on profiles where the first wave
breaking occurred, between the coast and the bar, for example, on profiles with the bar’s distant
location (profiles 1 and 2), as well as on a profile without a bar (profile 0, see Figure 3). When the bar
was located closer to the shore, and accordingly, the depth decreased above it, the waves broke both at
the top of the bar, and near the shore. In this case, the waves broke over the bar farther from the shore
than on the profiles 0-2, and the second breaking zone was closer to the coastline. The presence of
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two breaking points leads to a significantly greater shoreline regression. The exception for this is the
profile 5, where the bar is located at the closest distance to the coast line. The bar prevents seaward
sediment transport, so that the shoreline degradation is reduced.

An Explanation of wave asymmetry impact on sediment transport w discussed in detail in [30].
Cross-shore sediment transport is defined by the balance of wav- induced sediment transport directed
to the shore, and the undertow, which moves sediments seaward. According to Bailard’s formulation
of wave-induced sediment transport discharge [31] depends on highest statistical moments of near
bottom velocity:

1 & 3 €& 3
— s 7
R @)
where u = u(t): the instantaneous near-bottom velocity.
Formula (7) was adopted by Leontiev [6] for calculations through amplitudes of first and second
nonlinear harmonics of near bottom-velocity and cosines of phase lag between them (bi-phases):
2 3 —3 16
ulu|® = Zuﬁ,um cos B, u|ul” = gufnum cos B 8)
where u,, and 15,, — amplitudes of first and second harmonics, 3- phase shift between the first and
second nonlinear harmonics (bi-phases).
As it was revealed in [31], the wave asymmetry coefficient As was linear, depends on bi-phase:

As =088 ©)

Thus, according to (8 and 9), the shoreward wave induced-sediment discharge depends on the
cosine of the bi-phase, or As magnitude. Maximum of it will occur when bi-phase (and accordingly As)
is zero, because cosine will has maximal value. A decrease of wave-induced sediment discharge due
to wave asymmetry will lead to increase in the role of the undertow in sediment transport. Therefore,
sediments will move more seaward, and the shoreline will retreat more, due to the erosion in nearshore
zones (see Figure 10b).

4. Conclusions

We carried out a study on the influence of the underwater bar location on the transformation of
the waves above it, and on the corresponding cross-shore sediment movement in the coastal zone, on
a time scale of one storm. This allows us to conclude on the following;:

1. The position of the underwater bar affects the shoreline degradation and the distance of
seaward sediment transport. The maximum transfer of sediments towards the sea is within the
distance between the shoreline and the underwater bar crest. A minimum of sediment movement
occurs when the bar is located away from the shore, at a distance of less than half the wavelength, in
deep water. The coastline retreat is minimal if the bar is located away from the coast, at a distance
of 0.7-0.82 from the wavelength in deep water. In these cases, the underwater bar will have a more
protective effect on the shore, compared to a profile without the bar.

2. The presence of the underwater bar located at specific distances from the coast may lead to an
increase in shoreline degradation. If there is a longshore underwater bar that is located at an angle to
the coastline, the non-uniformity of the coastline retreat, and the formation of festoons are possible.

3. The greatest difference in coastal retreat rate associated with the underwater bar location is
observed within the first hour of the storm. Regardless of the location of the underwater bar on the
initial profile, the equilibrium profile is formed after 6 h, for the selected wave conditions. The resulting
equilibrium profile contains an underwater terrace, and it is close to the classical equilibrium profile.
At the same time, the erosion rate slows down significantly and becomes identical for all profiles.

4. Changing the parameters of the waves during their transformation over different profiles
has a significant impact on the degree of transformation of the underwater beach profile. It has
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been established that there is an inverse relationship between the retreat of the coast line and the
low-frequency wave heights near the coast. The decrease in the mean wave period, which is associated
with the growth of higher harmonics during the passage of waves above the bar, reduces shoreline
erosion. The distance of seaward sediment transport transfer is directly related to the significant
wave height.

5. When waves propagate over profiles with underwater bars that are located at different
distances from the coast, the wave asymmetry changes differently. According to the modelling results,
the increase in wave asymmetry near the shore due to the existence of the bar leads to a decrease in the
influence of waves on the coastal retreat.
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