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ABSTRACT 

By comparison to rivers or lakes, the movement of sediment in the coastal oceans is more complex, where the 

oceanographic forcing is normally a combination of tides, strong winds, and stratification (freshwater discharges). 

At the same time, available observations can be very sparse over much larger marine areas. For more than 15 years, 

ASL Environmental Sciences Inc. (ASL) has developed and carried out high resolution 3D numerical modeling with 

an integrated sediment transport module. These advanced numerical models are used to assess the environmental 

impact of dredging activities, and can provide important inputs to achieving a more efficient dredging operational 

plan and schedule, as well as predicting the fate of sediments released at disposal sites. 

ASL has used both structured (fixed size grids) and unstructured (variable size) model grids for high resolution 

hydrodynamic and sediment transport modeling. The high-resolution model mesh is required to resolve the often-

complex bathymetry in coastal areas, but it also allows representation of the sediment releases from different 

dredging tools and the small scale permanent or temporary constructions such as trenches, dams, sheet-piles and silt 

curtains. Methodologies have also been developed to better simulate dredging and disposal at sea activities. This 

includes incorporating initial mixing/dilution analytical or model representations, into high resolution 3D sediment 

transport and fate modeling. The 3D modeling can simulate the complete ocean dynamics including temperature and 

salinity fields, tides, winds, river discharges, wave, and sea-ice. Variability in space and time (such as different 

seasons) are well reproduced by representing the complex forcing mechanisms (e.g. via metocean studies). In this 

paper we present examples from numerical modeling simulations of dredging operations from projects off the coast 

of British Columbia (Prince Rupert, Vancouver and Kitimat) to illustrate the methodology and to discuss the 

scientific challenges and achievements of this ocean modeling application. 
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INTRODUCTION 

In recent decades, dredging projects have increasingly been addressing the need for developing the project to deal 

with potential environmental issues. Indeed, the environmental issues have the greatest challenge in the project 

development process (IADC and IAPH, 2011). All dredging results in environmental change and some of these 

changes are perceived to be negative from the viewpoint of some of the many stakeholders who may be affected by 

the dredging project. Major dredging projects are subject to environmental reviews by governments through an 

environmental regulatory and permitting system. Following the first environmental review and assessment of the 

project, the construction phase of the project is required to follow the project plan and to address any conditions 

stipulated in the environmental review, including environmental monitoring during construction, and in some cases, 

following the completion of construction.  

In this paper, we present the use of advanced numerical modeling of sediment transport and fate arising from 

dredging as a useful tool to quantify the effects of the dredging on the receiving environment. In particular, we 

provide an overview of the modeling methods as to their application for addressing environmental assessment and 

review issues. We present examples of the models for environmental assessment for port development and for 

construction of marine pipelines in the jurisdiction of British Columbia, Canada. 
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Environmental Assessment of British Columbia Projects  

The province of British Columbia (BC) has many major ports and harbors including the Vancouver Port Authority 

in the southern waters and the Prince Rupert Port Authority in the northern waters.  Many numerical modeling 

studies of sediment transport and fate have been conducted in the vicinity of these two largest ports as well as others 

in the Port of Kitimat and along proposed terminus for construction of marine pipelines (Nass Bay, Nasoga Gulf and 

Prince Rupert) and construction of a buried major underwater electrical cable near Vancouver (Figure 1).  Modeling 

studies were also carried out for the disposal at sea of the marine dredgates from proposed dredging in Prince Rupert 

at the nearby deepwater site in Brown Passage.  

 

Figure 1. Locations of numerical modeling projects for sediment transport from marine construction. 

 

For all of these projects, the numerical modeling was conducted to simulate the transport and fate of sediments 

released from the marine construction activities as input to the environmental assessment conducted on the project 

by the Canadian federal government through the Canadian Environmental Assessment Agency (CEAA) or by the 

provincial government through the British Columbia Environmental Assessment Office (BCEAO). The lead 

government environmental agency or office considers the inputs from many other government agencies, as well as 

from stakeholder groups including First Nations organizations and environmental non-governmental organizations, 

as well as private citizens and others.  For sediment transport and disposal arising from marine construction, key 

government agencies include the Environmental Protection Operations Directorate of Environment and Climate 

Change Canada (ECCC), the Canadian Department of Fisheries and Oceans (DFO) and the British Columbia 

Ministry of the Environment (BCMOE).  
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NUMERICAL MODELING METHODS 

The marine environment generally more complex than those for rivers and lakes, especially in the very large and 

highly variable areas of British Columbia marine areas (Figure 1).  Here, the marine areas cover the northeast 

Pacific Ocean continental margin, spanning water depths as large as 1800 m on its western side, with a myriad of 

deep inlets or fjords extending to the east into the Coastal mountain range (Thomson, 1981). These marine waters 

are highly energetic under the forcing of seasonally large winds (fall and winter), large tides – especially in the 

northern BC waters, and major fresh water discharges, including the Fraser, Skeena and Nass Rivers which result in 

a high degree of density stratification of the water column.  Because of the large degree of density stratification 

within the water column, the numerical models must represent the vertical variations in ocean currents and other 

water properties such as temperature, salinity and density. 

The overall approach to numerical model simulations of the transport and fate of sediments released from marine 

construction activities is to use high resolution 3D numerical models for the hydrodynamics of the receiving waters 

along with an integrated sediment transport module to represent the settling of the suspended sediments and ultimate 

deposition to the seabed as well as resuspension of these deposited sediments through erosion under large near-

bottom currents.   

Hydrodynamic Numerical Models 

The 3D hydrodynamic model is at the core of the integrated numerical modeling approach to simulating sediment 

transport and fate, by computing the 3D circulation of the receiving waters into which the sediments from marine 

construction activities are released. The hydrodynamic model provides a computational fluid dynamics approach to 

the study of river, estuarine and coastal circulation regimes. These hydrodynamic models apply the full three-

dimensional basic equations of shallow water hydrodynamics and conservative mass transport and solves for time-

dependent, three-dimensional velocities, salinity, temperature, kinetic energy and mixing length, horizontal and 

vertical diffusivities, water surface elevation and bottom elevation variations.  The horizontal grid system varies 

among the various available hydrodynamic models.  Many of the models make use of a finite-difference rectangular 

grid system with some of these allowing for higher resolution representation of the circulation in sub-areas of the 

model domain through the use of nested horizontal grid systems.  

For many of the model applications presented in this paper, the 3D coastal circulation numerical model COCIRM-

SED is used. COCIRM-SED is a highly-integrated, three-dimensional, free-surface, finite-difference numerical 

model code for use on rivers, lakes, estuaries, bays, coastal areas and seas (Jiang et al., 2003; Jiang, et al., 2008; 

Jiang and Fissel, 2012; Lin and Fissel, 2017), and consists of five sub-modules including circulation, multi-category 

sediment transport, morphodynamics, water quality and particle tracking (Figure 2). It also includes wetting/drying 

and nested grid schemes, capable of incorporating tidal flats, jet-like outflows, outfall mixing zone and other 

relatively small interested areas. Horizontal resolution can range from <10 m to a few hundred meters, and vertical 

resolution typically ranges from 10 to 30 layers either as a sigma- or a z-layers coordinate with uneven distribution 

of layer thickness. In all implementations of simulating sediment disposals, the COCIRM-SED circulation module 

was validated using historical water level and ocean current data in the model areas. 

Other advanced hydrodynamic models support more flexible model grids. In particular, curvilinear orthogonal grids 

can be used to provide a high grid resolution in the area of interest and a low resolution elsewhere, thus saving 

computational effort. One such model is Delft-3D (Deltares, 2015) which is used for some applications in this paper. 

Delft3D is an advanced suite of integrated numerical model components, or modules, which can be combined with 

the Delft3D-Flow hydrodynamic model. The Delft3D model is widely used around the world in many applied 

projects and research studies (Deltares, 2015) including many hydrodynamic and sediment transport and fate studies 

for coastal waters. Delft 3D is one of a handful of advanced deterministic (process‐based) coastal ocean models, 

which are routinely used for this purpose (Amoudry and Souza, 2011).   

Another approach is the use of unstructured grids. The prognostic, unstructured-grid, Finite Volume, free-surface, 3-

D primitive equation Community Ocean Model (Chen et al., 2003) is presently being considered for sediment 

transport modeling applications related to marine construction. This approach will provide much greater flexibility 

for representing very narrow ocean channels adjoining much larger water bodies connecting these channels to 

offshore areas. 
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Figure 2: Schematic diagram of COCIRM-SED modeling system. 

 

Sediment Transport Computational Module 

To activate the sediment transport and morphological modules of COCIRM-SED requires input of the grain size and 

percentage fraction for each sediment category, with typically total category 5 – 20. COCIRM-SED readily 

simulates settling velocities, suspended sediment concentration and bottom elevation changes by size category 

(Jiang and Fissel, 2012). For fine-grained sediments with particle size less than 32 – 62 micron (clay – silt range), 

modeling of cohesive sediment transport will be involved, while for coarse sediments with particle size greater than 

32 – 62 micron (sand, granule and fine pebble), modeling of non-cohesive sediment transport will be activated. 
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Details concerning the computations of bottom deposition, erosion, and settling velocity in the sediment transport 

module and the underlying computations methods for the morphological module are provided in Jiang and Fissel 

(2012). 

DELFT3D-SED models the transportation of sediments using the current results input from the FLOW module.  

Sediment transport modeling includes the distribution of the sediments, the deposition and resuspension or erosion 

patterns specific to the local forcing generated by the FLOW or current module. Both cohesive and non-cohesive 

sediment processes are included. Cohesive processes include sedimentation, erosion, burial, digging and 

resuspension, whereas non-cohesive processes describe total transport in situations of local equilibrium.   

The sediment model in FVCOM is based on the Community Model for Coastal Sediment Transport developed by  

U.S. Geological Survey (USGS) and other researchers (see http://woodshole.er.usgs.gov/project-pages/sediment-

transport/), which includes suspended sediment and bedload transport, layered bed dynamics based on active layer 

concept, flux-limited solution of sediment setting, unlimited number of sediment classes and bed layers and cohesive 

sediment erosion/deposition algorithms.  

Representing the Release of Sediments from Marine Construction Activities 

The representation of the release of sediments from marine construction activities involves representing the initial 

mixing and dilution of the released sediments within the high resolution 3D sediment transport and fate modeling.  

One of the key input parameters to the models is the rate of release of sediments into the water column from the 

construction activity. Hayes et al. (2007) suggest that the rate and mass of sediment resuspended during standard 

clamshell bucket dredging varied from 0.16 to 0.88% based on 5 field studies for estuarine and freshwater river 

environments. Burt et al. (2007) provide a higher range of estimated release rates for a specific dredging operation in 

a river with normal values being 3.35% but larger values of 5-6% were reported, and even very large transient 

values of 10% or more were noted.  Given the large range in reported sediment release values, the sediment release 

rate needs to be examined for each specific dredging operation according to the type of dredging operation being 

conducted in terms of the equipment in use, the physical and geotechnical properties of the bottom materials to be 

excavated and the operating conditions while dredging is underway.  

The initial area and volume of the suspended sediments from dredging is typically comparable or smaller than the 

horizontal model resolution. For small volume releases from environmental clamshell dredging, the initial size scale 

of the sediment releases is a few to several meters in the horizontal while the spatial scale of underwater jetting of 

sediments from the seabed is typically several to a few tens of meters. With the use of high resolution grid sizes of 

tens of meters combined with typical model time steps of a few to several seconds, the initial dilution of the 

sediment releases is usually confined to within the area of one model grid cell. This simplifies, and in some cases, 

avoids altogether the need for initial mixing or dilution zone models. For very small release rates, the representation 

of the released suspended sediment concentration (SSC) is correct as an average value over the entire area and 

volume of the receiving grid element, but the model does not identify the peak value of the sediment concentration 

within the grid element. As the suspended sediments further mix under the influence of ambient diffusion, negative 

buoyant spreading and advection by the ambient currents, the model representation of the peak SSC values tends to 

gradually agree with the actual peak SSC values over mixing time scales of many minutes to a few hours. 

For other types of sediment releases, a 3D initial dilution zone model is required. An example of this situation is the 

disposal at sea of large volumes of marine dredgates from large barges on which the dredging spoils were loaded for 

disposal elsewhere. Other examples are (1) the release of dredged sediment through an underwater pipe into a deep 

water disposal area and (2) for marine pipelines due to the release of larger volumes of sediments arising from 

trenching the seabed and placing the materials into spoil piles on the seabed in areas adjoining the pipeline route. 

Representing the release of large volumes of sediments can be addressed through specialized 3D models developed 

for this purpose. The Short-Term FATE model (STFATE), developed by the U.S. Army Corps of Engineers 

(USACE), is a short-term fate model of sediment disposal, which is accepted by the U.S. Environmental Protection 

Agency (EPA and USACE, 1998). The STFATE model can be used to simulate the short-term fate and near-field 

distribution of the disposal material released from large marine barges immediately following each disposal 

operation. The STFATE operates on the actual bathymetry using an identical or smaller model mesh to match the 

3D hydrodynamic model grid, and typically is run over the initial tens of minutes of the disposal operation. As an 
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example, the disposal of sea of dredgates in Brown Passage (Figure 1 and Table 1; Jiang and Fissel, 2012), over the 

initial 45 minutes, the released disposal sediment was numerically simulated by STFATE for the processes of 

convective descent, horizontal transport under due to the ocean currents, turbulent diffusion, dynamic collapse, and 

the rapid deposition of most coarse sediments with size larger than medium sand. The STFATE output provides the 

required information on the sediment releases to the 3D model hydrodynamic and sediment transport models, as 

well as the initial bottom accumulation in the immediate vicinity of the barge. This includes SSC and distributions 

by particle size categories resulting from the initial mixing due to the disposal operation, which are then used by the 

receiving water models to derive the simulation of the transport and fate of all dredged materials over much larger 

spatial scales and longer periods of time than used by the initial mixing zone sediment model. 

Other features of the models for the transport and fate of sediments released from marine construction includes the 

representation of mitigation measures that can be conducted to limit the spatial extent of the SSC and deposition to 

the seabed, which reduce environmental impacts. In particular, two of these measures are the use of silt curtains and 

sheet piles in the vicinity of the dredging operation. Realistic simulation of the effects of these mitigation measures 

requires the use of very high resolution horizontal grids, preferably with grid dimensions of 20 m or less. 

EXAMPLES OF MODELING APPLICATIONS FOR SEDIMENTS RELEASED FROM MARINE 

CONSTRUCTION PROJECTS 

A partial list of model simulation projects for the transport and fate of sediments released from marine construction 

projects in BC marine waters, which have been conducted from 2006 to 2015, is provided in Table 1 

Table 1. List of Representative Numerical Modeling of Sediment Transport for BC Marine Construction 

Projects 

Geographical 
Area 

Marine Construction Activity Grid size (and vertical 
layers) Model 

Literature 
Reference 

Roberts Bank, 
Strait of Georgia 

Vancouver Island Transmission Reinforcement 
(VITR) Project: trenching of large underwater 
electrical cables in shallow water. 

10 m nested grid within 50 
m (13 layers), COCIRM-
SED 

Jiang et al. 
(2008) 

Kitimat Harbor Dredging of marine berths at proposed oil export 
marine terminal for the Northern Gateway Project 

20 m nested within 100 m 
(20 layers), COCIRM-SED 

Fissel et al. 
(2006) 

Brown Passage Disposal at Sea of marine dredgates from marine 
construction in Prince Rupert Harbor 

100 m (22 layers), 
COCIRM-SED 

Jiang and Fissel 
(2012) 

Porpoise 
Channel near 
Prince Rupert 

Dredging of Materials Offloading Facility (MOF) for 
the Pacific North West Liquefied Natural Gas (LNG) 
Project 

30 m nested within 210 m 
(12 layers), COCIRM-SED 

Lin and Fissel 
(2013) 

Casey Cove near 
Prince Rupert 

Dredging of marine berths and the Materials 
Offloading Facility (MOF) for the Nexen Aurora LNG 
Project 

30 m nested within 210 m 
(13 layers), COCIRM-SED 

Scoon et al. 
(2016) 

Kitimat Harbor  Dredging of LNG marine terminal for the LNG 
Canada Project 

20 m nested within 100 m 
(20 layers), COCIRM-SED 

BC EAO (2015) 

Nass Bay and 
Iceberg Bay; 
Nasoga Gulf 

Trenching and backfilling of marine gas pipeline 10 m in vicinity of 
pipeline, otherwise 35 m 
(10 layers), Delft3d-SED 

BC OGC (2017) 

 

Here we present selected examples of the output from the sediment transport and fate models for two of these 

projects. The first involves dredging of 615,000 m3 of bottom materials for construction of a materials offloading 

facility in Porpoise Channel, within the extended area managed by the Prince Rupert Port Authority. This dredging 
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operation was simulated to occur over a period of 153 days from January to June. The model outputs provided to the 

environmental assessment process included the predicted distribution of SSC during the course of the dredging 

operations (see an example of the model derived SSC values for a large flood and large ebb tidal flow in Figure 3) 

and the deposition of the sediments released by dredging onto the seabed, as shown in Figure 4.  

The results (Lin and Fissel, 2013) show that the maximum SSC values in the water column are generally less than 5 

mg/L except in the immediate vicinity of the dredging unit.  The amount of deposition onto the seabed after 30 days 

of operation is seen to be less than 2 mm except in the immediate vicinity of where the dredge unit had been 

operating in that time period (Scoon et al., 2016). 

The second example of model simulations of the transport and fate of sediments from dredging releases is for the 

Aurora LNG project in the Port of Prince Rupert.  The planned dredging involved the removal of 161,400 m3 of 

bottom materials at three berth sites at the southern end of Digby Island which span a total period of 42 days in 

December and January.  The model derived simulation results for the dredging at the berth area is shown in Figure 

5. The result show that the large influence of the tidal currents on the distribution of the SSC distributions.  The 

largest SSC value is 73.8 mg/L at slack water near high tide (not shown) while the SSC values exceeding 5 mg/L are 

always confined to width of less than 250 m over all stages of the tide. The maximum deposition of the sediments 

released from dredging is 0.12 m at the center of the dredge area. Deposition outside the dredge area is 

predominantly around 0.01 m thickness and extends no more than 500 m from the dredge area (Figure 6). 

 

Figure 3: Model-derived SSC (mg/L above background, maximum value in the water column) in Porpoise 

Channel and the surrounding area at ebb flow (left panel, 21:00 January 12, 2015) and at flood flow (right 

panel, 21:00 January 12, 2015). Numbers mark depths (above seabed) of maximum values in vertical column. 

Blue contours present the areas of SSC greater than 5 mg/L. 
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Figure 4: Model derived estimated deposition onto the seabed in Porpoise Channel and the surrounding area 

after 30 days of dredging activity in January. 

 

Figure 5: Model derived maximum SSC values in the water column on January 27 during an ebb tide (upper 

left panel) and during a flood tide (upper right panel). 
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Figure 6: Estimated sediment deposition onto the seabed after 17 days of dredging activity (lower panel) at 

the berth area of the Aurora LNG project. 

 

SUMMARY AND CONCLUSIONS 

The use of integrated 3D hydrodynamic numerical ocean circulation models and sediment transport computation 

modules provides a useful method to simulate the suspended sediment concentrations and deposition onto the seabed 

of sediments released from marine construction activities. The information derived from the modeling allows for 

more effective contributions to environmental assessments of the marine construction project as well as the potential 

to develop more efficient marine construction plans.  

The presented methods demonstrate the adaptability of these modeling methods to coastal applications in the marine 

waterways of British Columbia, Canada. The 3D modeling, with horizontal grid resolutions of 10 – 30 m required 

for dredging applications, can simulate the complete ocean dynamics including temperature and salinity fields, tides, 

winds, river discharges, waves, and even sea-ice, if present. Variability in space and time (such as different seasons) 

are well reproduced by representing each of the key forcing mechanisms, including tides, winds and river 

discharges.  

Further progress for this type of sediment transport and fate modeling can be achieved through: the use of even 

higher resolution models through variable grid sizes allowing very high resolution in the vicinity of the marine 

construction activity; more rigorous analyses of the initial dilution zone for marine construction activities; and more 

accurate inputs to the models on the sediment releases from the construction activities.  
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