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Chapter 1

INTRODUCTION

Environmental Fluid Dynamics Code Plus (EFDC+) is a surface water modeling system encompassing one-,
two- and/or three-dimensional hydrodynamics and water column constituent transport. The hydrodynamics
are internally coupled using an integrated, single source code implementation to multiple modules (including
sediment erosion/deposition, propeller wash, chemical fate and transport, eutrophication kinetics, sediment
diagenesis, particle tracking and oil spill). EFDC+ and its predecessor, EFDC has been used worldwide
in support of environmental assessment, management and regulatory requirements for hundreds of water
bodies such as rivers, lakes, reservoirs, wetlands, estuaries, and coastal ocean regions.

1.1. Development History

EFDC+ is based on the public-domain, open-source version of EFDC (Hamrick, 1992) originally developed
at the Virginia Institute of Marine Science (VIMS) and School of Marine Science of The College of William
and Mary, by Dr. John M. Hamrick beginning in 1988. The historical evolution of EFDC+ has to a great
extent been application driven by a diverse group of modelers in the academic, governmental, and private
sectors, as highlighted in Figure 1.1.

Since 2000, DSI, LLC (DSI) has provided ongoing enhancement and development to EFDC for various
surface water, sediment transport, and water quality projects. This includes adding multiple new features
based on the theory described in this document. DSI's improvements to the EFDC code are so extensive that
in 2016, the DSI version of EFDC was renamed as EFDC+.
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Fig. 1.1. Overview of EFDC+ development history

1.2. EFDC+ Advancements
EFDC+ re ects the following key enhancements over EFDC.:

* Open Multi-Processing (OpenMP) - Multithreading: Integration of OpenMP into EFDC+ pro-
vides vastly improved model run times. The Ift@penMP Runtime Library binds OpenMP threads
to physical processing units. EFDC+ typically produces run times up to four times faster on a six-core
processor than the conventional single-threaded EFDC model.

« Dynamic Memory Allocation: Dynamic memory allocation eliminates the need to re-compile
EFDC for distinct applications. Previously, due to the limitations of Fortran 77, different maximum
array sizes were required to specify computational grid domain and time series input data sets. Dy-
namic allocation also helps mitigate array indexing errors and provides better traceability for source
code development and testing.

» Domain Decomposition and Message Passing Interface (MPIRomain decomposition in EFDC+
can signi cantly increase the model execution time. This is accomplished by splitting up the domain
of a model into several smaller ones, referred to as subdomains (Fainchtein, 2014). Each subdomain
executes like a traditional EFDC+ run, except that each subdomain exchanges information with its
neighboring subdomain at each time step (Gropp et al., 2014). This information exchange is accom-
plished by leveraging Intel's version of MPI to communicate between domains.

» Sigma Zed (SGZ) Layering: EFDC+ avoids the pressure gradient errors that occur in model simula-
tions of steep changes in bed elevation by using the SGZ layering option. Unlike the original EFDC,
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which uses a Sigma (SIG) coordinate transformation in the vertical direction and the same number of
layers for all cells in the domain, SGZ in EFDC+ allows the number of vertical layers to vary over the
model domain. This approach is computationally ef cient and signi cantly improves the simulation
of density strati cation.

« Hydraulic Structures: EFDC+ implements equations governing hydraulic structures such as cul-
verts, weirs, sluice gates, and ori ces, which differs from the previous approach which only allowed
rating curves for hydraulic structures. Additionally, the modeler can specify rules of operations that
depend on the model hydrodynamics.

¢ Enhanced Heat Exchange:EFDC+ includes heat exchange options that use equilibrium tempera-
tures for the water and atmospheric interface and spatially variable sediment bed temperatures. The
water column concentrations in the eutrophication and sediment transport modules are now coupled
with the heat module by including spatially and temporally varying light extinction.

« Ice Formation and Melt: EFDC+ includes a heat-coupled ice formation and melt approach to handle
cold climates. Surface processes are controlled by the presence or absence of a dynamically computed
ice cover.

« Multiple Dyes: EFDC+ can simulate an unlimited number of user-de ned dye classes, including
“Age of Water”. Decay and/or growth and settling can be added to any dye class.

e Lagrangian Particle Tracking (LPT): An LPT module has been added to EFDC+, which allows
simulation of track releases/discharges and mixing studies. Particle settling, decay, and other pro-
cesses are user con gurable. LPT modeling applications include oil spill and emergency response
simulations, among many others.

« SEDZLJ Sediment Transport Implementation: Sandia National Laboratory version of EFDC
(SNL-EFDC) (Thanh et al., 2008) contains the SEDiment dynamics algorithms as developed by
Ziegler, Lick, and Jones (SEDZLJ) (Jones and Lick, 2000; Ziegler and Lick, 1988, 1986) for sediment
transport computation. DSI further enhanced this model in EFDC+ and implemented signi cant im-
provements for mass balance, hard bottom bypass, and computational ef ciency. The SEDZLJ model
is linked to the Chemical Fate and Transport module in EFDC+.

« Propeller Wash Module: EFDC+ includes a propeller wash module, which uses a subgrid-based
velocity/erosion eld tracking to simulate the impacts of ship movement on hydrodynamics and sed-
iment transport.

 Internal Wind Wave Generation: A wind-generated wave module has been added to EFDC+ to
enable the computation of wind wave-generated bed shear stress on sediment resuspension, with or
without wave-induced currents.

» External Wave Model Linkage: Linkage to SWAN (SWAN Team, 2019) and other external wave
models has been simpli ed and improved in EFDC+.

¢ Rooted Plant and Epiphyte Model (RPEM) Module: An RPEM module was incorporated into a
version of EFDC to better simulate water quality interactions with submerged aquatic vegetation such
as epiphytic algae and macrophytes (Hamrick, 2006). This was also subsequently incorporated into
EFDC+.
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» Shell sh Farming Module: A shell sh farming module was added to EFDC+ to simulate the kinetic
processes of shell sh, including ltering, ingestion, assimilation, respiration, mortality, and spawn-

ing.
e Marine and Hydro-Kinetic (MHK) Linkage: EFDC+ includes an MHK module for simulating
the potential effects of installing and operating turbines and wave energy converters in rivers, tidal

channels, ocean currents, and other water bodies. This code is adapted from SNL-EFDC (Thanh
et al., 2008).

* Run Continuation: If the model crashes or the user wishes to extend the period of simulation, the
EFDC+ model can be con gured as a continuation run, where the model outputs are seamlessly
appended to the previous run.

« Spatially and Temporally Varying Fields: Pressure elds, bathymetry, and/or other data such as
roughness and vegetation can be dynamically adjusted during the model run in EFDC+. This allows
for dredging scenarios and seasonal vegetation patterns. In addition, the boundary conditions can also
be input as spatially and temporally varying elds. This helps connect EFDC+ with external sources
or numerical models.

* Network Common Data Form (NetCDF) Output: EFDC+ can output results in NetCDF le for-
mats. NetCDF is a community standard for sharing scienti ¢ data.

¢ High-Frequency Output: New output snapshot controls are available to target speci ¢ periods for
high-frequency output within the standard output frequency.

« Code Streamlining: The code has been converted to Fortran 90 and streamlined for quicker execu-
tion times.

» Model Linkages: Users can customize the linkage of model results for use with the Windows-based
EFDC+ Explorer (EE) graphical pre- and post-processor.

1.3. Enhancements to EFDC+ since EEMS10.3

Enhancement of EFDC+ has since the previous iteration of this theory document for EEMS10.3. Many of
the changes do not involve changes to theory, but rather provide improved processes within modules and
increased interactions between modules. Improvements have been made to the propeller wash module and
the jet and plume module. Some of the signi cant additions include:

« The ICM kinetics have been rewritten to allow unlimited phytoplankton, periphyton, and macrophyte
classes. Additionally, zooplankton has been added as an integrated part of algal dynamics.

» Macrophyte growth capability has been added between layers and for the base of the macrophytes to
be in any layer. This allows for oating macrophytes to start at the surface and drape down into the
water column.

» “Fast settling” of cohesive classes eroded by propwash have been added to the SEDZLJ sediment
transport module. The fast settling classes re ect the process of mass erosion due to a more turbulent
and energetic ow eld in the propwash plume. These mass eroded sediments then behave differently
in the water column than the original sediment classes, as larger chunks settle faster than the discrete
particle erosion of more uniform ow patterns. This option was added to address different settling
rates of material eroded by mass or bulk erosion of a cohesive bed (i.e., eroded chunks).

4



1. INTRODUCTION EFDC+ Theory

» The “fast settling” approach has also been fully integrated into the ChemFate module.

« ChemFate partitioning options have been supplemented. This new feature allows the user to control
partitioning on a cell-by-cell basis to better represent spatially varying site conditions. There are
now two new les, PARTITIONB.INP and PARTITIONW.INP to allow for spatial varying of toxic
partition coef cients in the sediment bed and water column.

« Atropical cyclone module has been added, and the performance of the associated wind eld boundary
condition option has been improved.

» A user-de ned wind drag option has been added.

< Two new open boundary condition types have been added. A free tangential and a zero tangential
anti-re ection boundary condition were needed to improve the propagation of waves out of the model
domain without re ecting off the open boundary.

« The use of harmonics for de ning open boundary water levels for zero tangential and free tangential
radiation boundary conditions have been improved to handle non-zero average tidal levels.

« Withdrawal layers have been limited to only active layers. This check was needed because the Sigma-
Zed vertical layering approach can use different numbers of layers per cell.

« Horizontal eddy diffusivity and viscosity have been disabled for large aspect ratio cells on the open
boundary.

« The NetCDF output has been updated to the latest format, UGRID. It also writes the Lagrangian
particle tracking output, which is now a separate le.

* EFDC+ is now linked to the WASP8 water quality model. EFDC+ now writes out the *.HYD e,
allowing WASP to use the hydrodynamics to run the model.

1.4. EFDC+ Overview

EFDC+ is the most up-to-date, enhanced version of EFDC, which is one of the most popular three-
dimensional (3D) hydrodynamic and water quality models available. The U.S. Environmental Protection
Agency (EPA) describes the original EFDC as “a state-of-the-art hydrodynamic model that can be used
to simulate aquatic systems in one, two, and three dimensions. It has evolved over the past two decades
to become one of the most widely used and technically defensible hydrodynamic models in the world.”
DSI created EFDC+ by taking the original version of EFDC and vastly improving its speed, stability, and
accuracy. Since 1998, DSI has continually upgraded the model's hydrodynamics and stability while also
decreasing run times. EFDC+ now far surpasses the features and performance of the legacy code.

EFDC+ contains multiple modules and features, which are highlighted in Figure 1.2 and described in sub-
sequent chapters.
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Fig. 1.2. Primary Modules of the EFDC+ Model.
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1.5. Conclusion

EFDC+ is a surface water modeling system developed by DSI, and is built upon the original EFDC software
developed by Hamrick (1992). EFDC+ includes many new features and bug xes over the original EFDC
code. This document describes the mathematical details of all modules available in EFDC+.

EFDC+ executable is available as a part of the EFDC+ Explorer Modeling System (EEMS) package avail-

able through DSI. For more details about EEMS, please visit https://www.eemodelingsystem.com/. EFDC+

source code is open source and is available on our public repository (https://github.com/dsi-lic/EFDCPIus).

We encourage and seek inputs from the user community and partnership with the research community in
improving EFDC+.




Chapter 2

HYDRODYNAMICS

2.0.1 Overview

The EFDC+ hydrodynamics module simulates near- eld plume, wind-generated, and externally linked wave
models. In the hydrodynamics module, temperature and salinity may be optionally incorporated to address
density effects. The hydrodynamics module is linked to other modules, such as dye/age of water, sediments,
chemicals, water quality, LPT and propeller wash, as illustrated in Figure 1.2. EFDC+ is a coupled model
which solves hydrodynamics, transport, and kinetics in an integrated code, thus eliminating the need for
external coupling between hydrodynamics and transport modules.

This section is primarily based on Hamrick (1992) and Ji (2008) with updates from DSI and others. The
basic governing equations for the EFDC+ hydrodynamics are presented and discussed. The primary sources
used for this document are:

1. A Three-Dimensional Environmental Fluid Dynamics Computer Code: Theoretical and Computa-
tional Aspects (Hamrick, 1992).
2. A User's Manual for the Environmental Fluid Dynamics Computer Code (EFDC), (Hamrick, 1996).

3. A Three-dimensional Hydrodynamic-Eutrophication model (HEM3D): Description of Water Quality
and Sediment Processes Submodels (Park et al., 1995).

4. Theoretical and Computational Aspects of Sediment and Contaminant Transport in the EFDC Model
(Tetra Tech, 2002a).

5. Sandia National Laboratories Environmental Fluid Dynamics Code: Sediment Transport User Man-
ual (Thanh et al., 2008).

2.1. Governing Equations

The fundamental principles of the hydrodynamic model in EFDC+ are the laws of conservation for mass,
momentum, and energy for the ows. With the basic assumption that ambient environmental ows are

characterized by horizontal length scales which are orders of magnitude greater than their vertical length
scales, the formulation of the governing equations begins with the vertically hydrostatic, boundary layer
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form of the turbulent equations of motion for an incompressible, variable density uid. The governing
equations of EFDC+ include Navier-Stokes for uid ow, the advection-diffusion equations for salinity,
temperature, dye, toxicants, eutrophication constituents and suspended sediment transport (Hamrick and
Wu, 1997; Hamrick, 1992, 1996). In the horizontal direction, the equations are presented in the curvilinear
coordinate system and SIG or SGZ (Craig et al., 2014) transformation (at the bed and at the water surface)
for the vertical direction. They are discretized with the nite difference method based on an explicit scheme.
Figure 2.1 shows the basic concepts of the EFDC+ model domain.

Fig. 2.1. Conceptual Overview of the EFDC+ Model.

2.1.1 Horizontal and Vertical Coordinate Systems

To accommodate realistic horizontal boundaries, it is convenient to formulate the equations such that the
horizontal coordinates, andy, are curvilinear and orthogonal.

To provide uniform resolution in the vertical direction, aligned with the gravitational vector and bounded by
bottom topography and a free surface permitting long wave motion, a time variable mapping or stretching
transformation is desirable. The mapping or stretching is given by
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