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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 hydrodynam-
ics are internally coupled to multiple modules (including sediment erosion/deposition, chemical fate and
transport, eutrophication kinetics, sediment diagenesis, oil spill, particle tracking, and propeller wash), us-
ing an integrated, single source code implementation. 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. DSIs improvements to the EFDC code are so extensive that
in 2016, the DSI version of EFDC was renamed as EFDC+.

1 EFDC+ Theory Document



1. INTRODUCTION

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.

» 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 of these sub-
domains 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
accomplished by leveraging Intel's version of MPI to communicate between domains.

e Sigma Zed (SGZ) Layering: EFDC+ avoids the pressure gradient errors that occur in model simu-
lations of steep changes in bed elevation by using SGZ layering. Unlike the original EFDC, which

2 EFDC+ Theory Document



1. INTRODUCTION

uses a Sigma (SIG) coordinate transformation in the vertical direction and the same number of layers
for all cells in the domain, EFDC+'s SGZ model 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 based on 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 Implementation: The version of EFDC modi ed by Sandia National Laboratory (SNL-
EFDC) contains a SEDZLJ model. DSI further developed this model in EFDC+ and implemented
signi cant improvements for mass balance, hard bottom bypass, and computational ef ciency. The
SEDZLJ model is linked to the toxics module in EFDC+.

* 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 and wave-
induced currents.

* 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+.

¢ 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 spawning.

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

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

3 EFDC+ Theory Document



1. INTRODUCTION

¢ 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 waterbodies. This code is adapted from SNL-EFDC+ (Grace
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 linkage of model results for use with the Windows-based
EFDC+ Explorer (EE) graphical pre- and post-processor.

1.3. EFDC+ Overview

EFDC+ is the most up-to-date, enhanced version of EFDC, which is one of the most popular 3D hydro-
dynamic 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.

The EFDC+ model contains many modules and features, which are highlighted in Figure 1.2.
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1. INTRODUCTION

Fig. 1.2. Primary Modules of the EFDC+ Model.
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1. INTRODUCTION
1.3.1 Hydrodynamics Module

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,
toxics, water quality, LPT and propeller wash, as illustrated in the 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.

1.3.2 Sediment Transport Modules

EFDC+ supports two separate sediment transport options: Original EFDC Sediment Transport (Hamrick,
1992) and SEDZLJ Sediment Transport (Jones and Lick, 2000; Ziegler and Lick, 1988, 1986). Both ap-
proaches compute the sediment transport in the water column the same way. Still, they present distinct
differences in (1) how they treat cohesive and non-cohesive sediments and (2) how they compute sediment
mass exchange between the water column and sediment bed. The Original EFDC Sediment Transport mod-
ule applies separate computation processes for cohesive and non-cohesive sediments (see Figure 1.3); this
method simulates the erosion process using a user-de ned constant erosion rate parameter of each sediment
class. The SEDZLJ module uses a uni ed treatment for multiple sediment classes regardless of cohesiveness
(see Figure 1.4); this approach can apply spatially-varied erosion properties by using site-speci ¢ erosion
rate data acquired from the SEDFlume apparatus. Both sediment transport modules are dynamically linked
to the hydrodynamics module. Therefore, EFDC+ can implement direct geomorphic feedback between ow
eld and sediment bed changes (e.qg., bed elevation and roughness) in a simulation.
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Fig. 1.3. Structure of the Original Sediment Transport Model.

1.3.3 Propeller Wash Module

The EFDC+ propeller wash module simulates sediment resuspension and transport processes due to ship
traf ¢, with a fully coupled representation of hydrodynamics, sediment transport, and propeller wash effects.
Using ship traf ¢ data, this module computes each ships propeller wash effects (e.g., ow velocity, shear
stress, sediment erosion rate) based on an independent sub-grid, representing a propeller wash jet area behind
the ship. The momentum ux induced by the propeller rotation is also calculated for the ship locations
during the simulation. The propeller wash results are then linked to model grid cells for every time step of
the hydrodynamics and sediment transport computation in the model simulation. The details for theoretical
basis and algorithmic structure of the EFDC+ propeller wash module are described in DSI (2021).

1.3.4 Chemical Fate and Transport Module

When the "original” sediment transport capability was added, chemical fate and transport was also added
(Tetra Tech, 2002b). This module allows for optional chemical partitioning onto water column and sediment
bed solids. Prior to 2015, even though multiple partitioning options were available, only one approach could
be used for all the chemicals included in a simulation. DSI updated the chemical partitioning module to allow
each chemical constituent to use its own unigue partitioning approach. Figure 1.5 provides a schematic of
the basic approach.

1.3.5 Lagrangian Particle Tracking (LPT) Module

LPT was developed as a practical tool for predicting the transport of discrete particles in a system. Speci c
applications include the tracking of oating objects in rivers, lakes and the sea in general; oil spills; and

7 EFDC+ Theory Document



1. INTRODUCTION

Fig. 1.4. Structure of the EFDC SEDZLJ Sediment Transport Model.

Fig. 1.5.Linkage Between Hydrodynamic, Sediment Transport and Chemical Fate and Transport Model.
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1. INTRODUCTION

particles or water from a speci ¢ source. The movement of solid particles is decided by a eld of uid
velocity; therefore, it is necessary to couple it to a uid ow model.

The advantage of this approach is that it makes it possible to track the movement of each speci c particle
in more detail and more accurately than using the method of determining average concentrations for grid
cells. The unique dif culty for this approach is that when the number of particles is too large, it may
become computationally expensive. This issue is no longer a major problem, though, due to advancements
in computer technology.

1.3.6 Eutrophication Module

In 1995, a eutrophication module with full sediment diagenesis (Park et al., 1995) was added to EFDC.
The original version of this coupled water quality module was called Hydrodynamic Eutrophication Model
Three Dimensional (HEM3D), and it allowed the simulation of 21 state variables. In 2000, the model
was modi ed to include “macroalgae” (Tetra Tech, 2007). In 2021, the EFDC+ eutrophication model was
further enhanced to allow the simulation of an unlimited number of phytoplankton and zooplankton species.
The model simulates spatial and temporal distributions of water quality parameters, including dissolved
oxygen, oating or attached algae (unlimited species), zooplankton (unlimited species), various components
of carbon, nitrogen, phosphorus and silica cycles, and fecal coliform bacteria.

A sediment diagenesis process model with 27 state variables was also developed for EFDC+. The coupling
of the sediment diagenesis module with the water quality module not only enhances the model's predictive

capability of water quality parameters but also enables it to simulate long-term changes in water quality

conditions in response to changes in nutrient loading.

1.4. 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+ source code is available to active users upon request. We encourage and seek inputs from the user
community and partnership with research community in improving EFDC+.
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Fig. 1.6. Structure of the EFDC+ Water Quality Model.
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Chapter 2

HYDRODYNAMICS

The 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 (Grace 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
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.
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Fig. 2.1. Conceptual Overview of the EFDC+ Model.
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2. HYDRODYNAMICS
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

2= Z+n_ H 1)
where,
z is the sigma coordinate (dimensionless),
z is the vertical coordinate with respect to the vertical reference level (datum) (m),
h is the water depth below the vertical reference level (m),
z is the water surface elevation above the vertical reference level (m), and
H is the total depth of water columns (m), de ned asot h.

Figure 2.2 provides a schematic of the vertical coordinate system in the physical space in the left panel and
the sigma space in the right panel.

Fig. 2.2. The Stretched Vertical Coordinate System.

EFDC+ supports SIG stretched and SGZ grids for the vertical discretization of the water column. Details of
the sigma transformation may be found in Blumberg and Mellor (1987); Hamrick (1986); Vinokur (1974).
Details on the SGZ vertical layering options are described in Section 2.6.2

2.1.2 Basic Hydrodynamic Equations

Transforming the vertically hydrostatic boundary layer form of the turbulent equations of motion and uti-
lizing the Boussinesq approximation for variable density results in the momentum and continuity equations
and the transport equations for salinity and temperature in the following form:
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2. HYDRODYNAMICS
The momentum equation in thxedirection:

| 1 1 1
ﬂ(mxmyHU)"' ﬂfx(myHUU)+ ﬂ(mxHVU)"' ."fz(mxrnyWU)

mymy fHv vﬂ—my uﬂ—m’( Hv
fix fy 2.2)
_ l fh H Tp, T my fu '
T M@ PR Mg T 1z ik md
T me,, fu T mm Tu P
+ﬂ @HAHW +‘[Tz HmyA\,E mumycpDpu U2+ V2 + S,
The momentum equation in tlyedirection:
1(mxm),Hv)+ 1(m),Huv)
qt x
+1Ty(mvav)+ TTZ(rmmywvH mymy, fHuU+ vm u‘[:Tr;" Hu
(2.3)
_ il fh IH Mp, T m fiv
= mxHﬂ(gZ"'p"'Patm) myx Ty ZTY E-'-ﬂx RHAHﬂT(
Tomga vo T may, v ey
+‘|Ty myHAHﬂy +ﬂz H Avﬂz mum,coDpv U2+ V2 + S,
The momentum equation in tkzairection:
ip _ r ro_
el gH s gHb (2.4)
The continuity equations (internal and external modes):
1(mxmy2)+ 1(myHU)+ 1(mxHV)+ 1(mxmyW)= S (2.5)
It x Ty 1z
1 1 l _
ﬁ(mxmyz)"' ."fx(myHU)+ ﬂ(mxHV)— S (2.6)
The equation of state:
r=r(psSTC) (2.7)
where, z, z,
U= udz V= vdz (2.8)
0 0
P= mHU; Q= mHV (2.9)
and

u; v are the horizontal velocity components in the curvilinear coordinates (m/s),
x; y are the orthogonal curvilinear coordinates in the horizontal direction (m),
z is the sigma coordinate (dimensionless),

t is time (s),
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2. HYDRODYNAMICS
my; my, are the square roots of the diagonal components of the metric tensor (dimensionless),

m is the Jacobian of the metric tensor determinant (dimensionkess)nm,,
p is the physical pressure in excess of the reference density hydrostatic pres¥stg (m
Pxm is the barotropic pressure normalized by the reference water densits?m
o is the reference water density (kghmn
b is the buoyancy,
is the Coriolis parameter (1/s),
Ay s the horizontal momentum and mass diffusivity?(s),
Ay is the vertical turbulent eddy viscosity {rs),
Cp is the vegetation resistance coef cient (dimensionless),
D, isthe projected vegetation area normal to the ow per unit horizontal area (dimensionless),
Su; Sy are the source/sink terms for the horizontal momentum inxthedy directions, respectively

(m?/s?),
S is the source/sink terms for the mass conservation equatigis)m
S is salinity (ppt),
T is temperature C),
C is Total Inorganic Suspended Solids (TSS) @&m
U; V are the depth averaged velocity components irxtaiedy directions, respectively (m/s), and
P, Q arethe mass ux components in tk@ndy directions, respectively (fs).

The vertical velocity, with physical units, in the stretched, dimensionless vertical coordiisate

1z i‘ﬂerl‘nz iﬂh+lﬂh

w=w 2z —+ — — +(1 z — — 2.10
it meIx m Ty ( ) me x  my Ty (2.10)
where,
w is the vertical velocity component in SIG coordinate (m/s) and
w is the physical vertical velocity (m/s).

The pressur@ is the physical pressure in excess of the reference density hydrostatic pregghie, 2)

divided by the reference density: In the momentum equation (2.2) and (2.3), the momentum source/sink
termsS, andS, are later modeled as subgrid scale horizontal diffusion. The dansstin general a function

of temperaturd and salinitySfor hydrospheric ows and water vapor for atmospheric ows. Density can

be a weak function of pressure but water is treated as an incompressible uid in the continuity equation under
the anelastic approximation (Clark and Hall, 1991; Mellor, 1991). The buoyaray,de ned in equation

(2.4) is the normalized deviation of density from the reference value. The continuity equation (2.5) has been
integrated with respect toover the interva(0; 1) to produce the depth integrated continuity equation (2.6)
using the vertical boundary conditions,= 0; at z=( 0;1); which follows from the kinematic conditions

and equation (2.8). It is noted that constraining the free surface displacement to be time independent and
spatially constant, yields the equivalent of the rigid lid ocean circulation equations employed by Semtner Jr
(1974) and equations similar to the terrain following equations used by Clark (1977) to model mesoscale
atmospheric ow.
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2. HYDRODYNAMICS
2.1.3 Equation of State

In case the water density is dependent on temperature and salinity, the UNESCO's equation of state reads

r =999842594+ 6:793952 10 °T 9:095290 10 3T? (2.11)
+1:001685 10 *T3 1:120083 10 T*+6:536332 10 °T°

+ 0:824493 4:0899 10 3T+7:6438 10 °T?
8:2467 10 'T3+5:3875 10 °T* S

+ 572466 10 3+1:0227 10 *T 16546 10 °T? S'°+4:8314 10 S

where,

r is the water density (kg/f),
T is the water temperature), and

S is the water salinity (ppt).

With the presence of sediment in the water column, the water density and the buoyancy are corrected using
a correction factor. The correction factor for the water density is

N N
Crss=1 ArsiCitals rsiCi (2.12)
J J
where,

Crss s the correction factor that considers the in uence of sediment on water density (dimensionless),
rsj isthe sediment density of the sediment clagsg/md),

Cj is the concentration of the sediment clagg/m?),

Sj is the speci ¢ gravity of the sediment clas&imensionless), and

N is the number of sediment classes.

2.1.4 \ertical Turbulent Closure

The system of eight equations from equations (2.2) to (2.10) provides a closed system for the variables
v, W, p; z; r; andC; provided that the vertical turbulent viscosity and diffusivity, and the source and sink
terms are speci ed. To provide the vertical turbulent viscosity and diffusivity, the second moment turbulence
closure model developed by Mellor and Yamada (1982) and modi ed by Galperin et al. (1988) can be used.
The model relates the vertical turbulent viscosity and diffusivity to the turbulent interggityufbulent

length scalel(, and Richardson NumbeRg) by:

The vertical turbulent momentum diffusion coef cient is:

Ay = T aAodl, (2.13)
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2. HYDRODYNAMICS
wheref 4 is the stability viscosity coef cient and can be de ned as:

(1+ Ry=Ry)
fa= 2.14
A7 (14 R=R) (1+ Ry=Ry) (214
Additionally, the following de nitions for variables in equations (2.13) and (2.14) are given as:
6A 1
Ao=A1 1 3C BTl = s (2.15)
1
L o (B2 3A2) 1 % 3Ci(Bz+ 6A) )16
R, 7 1 3¢, & (2.16)
By
1 =9AA, (2.17)
Ro
éz =3A2[6A1+ By (1 C3)]. (2.18)
The vertical mass diffusion coef cient is de ned as:
Ab: I'KKoql (219)
where,f k is the stability diffusivity coef cient given by
fx= - (2.20)
“7 (1+ R&Ry) '
andKg is the dimensionless coef cient:
Ko= A, 1 oM (2.21)
B1
The Richardson number can be calculated as,
_gH 1% 1b
Rq= @ H2 1z (2.22)

where,

> s the turbulent intensity (fis?),
I is the turbulent length scale (m), and

Ry  is the Richardson number.

Mellor and Yamada (1982) specify the constahis 0.92; B; = 16:6; C; = 0:08; A, = 0:74; andB, = 10:1:
However, the values d®;; Ry; Rz calculated by Galperin et al. (1988) and Kantha and Clayson (1994) are
different from Mellor and Yamada (1982) as in Table 2.1.

The so-called stability functiorfs, andf x account for the reduced and enhanced vertical mixing or transport
in stable and unstable vertically density strati ed environments, respectively. The turbulence intensity and
the turbulence length scale are determined by a pair of Mellor and Yamada (1982) equations:
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2. HYDRODYNAMICS
Table 2.1. Parameters for Different Turbulent Models.

Formulation Ko R ! R,! Ry !

Mellor and Yamada (1982) 0.493928 7.846436 34.676400 6.127200

Galperin et al. (1988) 0.493928 7.760050 34.676440 6.127200
Kantha and Clayson (1994) 0.493928 8.679790 30.192000 6.127200
Kantha (2003) 0.490025 14.509100 24.388300 3.236400

1 )l )l f
It mHo + T Pq2'+ Ty QF + 7z mwcf
T AT A, Tu? 1 7 b q° (2.23)

+
11? Ag 1 FyA u? o2 1

_ Rl v I v
_ﬂiz mWTZ gl +mlg ﬁ E + TZ + E3gAbE (2.24)

" #

Hg? |2 | ?

B A T
1 1 1 1

L"H 271 2 (229

where,

Ei1= 1.8, E; = 1.0; E3 = 1.8; E4 = 1.33, andEs = 0:25 are empirical constants,
S is the source-sink term for turbulent intensity equation,

S is the source-sink term for turbulent length scale equation,

Aq  isthe vertical turbulent diffusivity for turbulent intensity equation, and

Aq  isthe vertical turbulent diffusivity for turbulent length scale equation.

The vertical diffusivity for turbulence intensitfy is set to 02ql following Mellor and Yamada (1982). For

stable strati cation, Galperin et al. (1988) suggested limiting the length scale such that the square root of
Ry is less than 2. When horizontal turbulent viscosityy and diffusivity are included in the momen-

tum and transport equations, they are determined independently using Smagorinsky's subgrid scale closure
formulation (Smagorinsky, 1963):

S

2 2 2
Ay = CDXDy E N v +1 ﬂu+ﬂv

x Ty 2 Ty T (2.26)
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2. HYDRODYNAMICS
where C is the horizontal mixing constabBk andDy are the grid sizes ir andy directions, respectively.

The termsS; andS§ may represent additional source-sink terms such as subgrid scale horizontal turbulent
diffusion, wave, and vegetation effects.

2.2. Boundary Conditions and External Forcings

The vertical boundary conditions for the solution of the momentum equations (2.2) and (2.3) are based on
the speci cation of the kinematic shear stresses at the free water surface and at the bed.

Vertical boundary conditions for the turbulent kinetic energy and length scale equations are:

0 —

?=B" 3+t2;, I=0atz=1 (2.27)
L4 —

=B R+, 1=0atz=0 (2.28)

Equation (2.28) can become inappropriate under several conditions associated with high near bottom sedi-
ment concentrations and/or high frequency surface wave activity.

2.2.1 Bottom Friction

At the bed, the stress components are related to the near bed or bottom layer velocity components by the
guadratic resistance formulation:

1 tbx
— 2 2
t =Gy ui+ vy
Mw by

U1

" (2.29)

where,

rw is the density of water,
tpx andtyy are the bottom drag due to friction in x and y directions, respectively, and

u; andv; are the velocities of water for layer 1 in x and y directions, respectively.

where the subscript 1 denotes bottom layer values. Under the assumption that the near bottom velocity
pro le is logarithmic at any instant of time, the bottom stress coef cient is given by Nezu (1993).

G = IN(D1=2z0)+(P 1) (2.30)

where,

k is von Karman constant,
D, is dimensionless thickness of the bottom layer,
Z,= Z, =H is dimensionless roughness height, and

P is wake strength parametd®. varies from 0 at low Reynolds numbers to 0.2 with fully turbulent
ow. The P is assumed to be @
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2. HYDRODYNAMICS
2.2.2 Vegetation

Drag exerted by plants will reduce the mean ow within vegetated regions. Vegetation will affect the mean
velocity, as well as the turbulence intensity and its diffusion. The conceptual framework for vegetation in
EFDC+ is shown in Figure 2.3.

Fig. 2.3. Conceptual Framework for Vegetation.

The vegetation impacts on the turbulent intensity and the turbulent length scale are determined by the trans-
port equations:

T(mamyHG?) + T(myHuc?) + T,(mHvVP) + T(mamwep)

H 3
:ﬂz(mxmy%ﬂzqz) ZmeyETj (2.31)

+ 2mymy, % (T,U)2+ (T V)% + gKJb+ ToCoDp U2+ V2 =2 Q
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T(mamH!) + Tu(myHuc?) + Ty(mHVeP!) + To(mamywe?l)

=1 M‘ﬂ %l Eiq3 1+E4—2+E Iiz
=Nz Mdmyrlz d LN kkz ~ ° kH(I 2 (2.32)

A 3=2
+mml B (T +(19)° + Esgifib+ EshpepDp 2+ v2 ™ +Q

where,E1; E2; E3; E4; andE5 = 1:8; 1.0; 1:8; 1:33; and 025, respectively. The second term on the last

line of equations (2.31) and (2.32) represents net turbulent energy production by vegetation drag,where

is a production ef ciency factor having a value less than one. The t€@gedQ, may represent additional
source-sink terms such as subgrid scale horizontal turbulent diffusion. The vertical diffudjyity,set

to 0:2gl following Mellor and Yamada (1982). For stable strati cation, Galperin et al. (1988) suggested
limiting the length scale such that the square rod®pis less than 2. When horizontal turbulent viscosity

and diffusivity are included in the momentum and transport equations, they are determined independently
using Smagorinsky (1963) subgrid scale closure formulation.

2.2.3 Wind Forcings

The in uence of wind on hydrodynamics are due to the wind shear stresses exerted on the water surface. At
the free surface, theandy components of the stress are speci ed by the wind stress:

1 te la Wsy
— = Cp—W 2.33
r w tsy D r W S Wsy ( )
q_—
We= WZ+ W3 (2.34)

where,

Ws; Wex andWsy are the wind velocity ansk  andy components of the wind velocityrEs) at 10
meters above the water surface, respectively,

tsx andtsy are the surface drag due to windxandy directions, respectively,
Cp isthe wind drag coef cient, and

ra andr,, are air and water densities, respectively.
EFDC+ provides four options for calculating wind drag coef cient.

1. In case of magnitude sheltering and no directional sheltering, the original wind drag coef cient can
be calculated as

3:83111 10 W, 3 0:000308719\ 2
+0:0011601%V, 1+ 0:000899602 W< 5mFs
5:37642 10 W3+ 0:000112558V2

]
%

2.35
0:000721208Vs+ 0:00259657 5mes Ws < 7mFs (235)
3:99677 10 "W2+ 7:32937 10 SW;
+0:000726716 W 7nmes
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2. The second option is a modi cation of the original EFDC wind drag (Option 1) where the wind speed

is calculated as relative to the water velocity.

Wex = Wsx  Us (2.36)
Wey= Wey Vs (2.37)

where,us andvs are the surface water velocities@randy directions, respectively.

. The third option is from the European Centre for Medium-Range Weather Forecasts (ECMWF) which

has determined a wind speed-dependent drag coef cient based on the wave age-dependent surface
roughness computed with their coupled atmospheric wave model (Hersbach, 2011). The wind speed-
dependent formulation is given by

Cp =[c1+ C2(We) ™]=(W) (2.38)

where,c; = 1:03 10 3, c,= 0:04 10 3; py = 1:48 andp, = 0:21:

. The fourth option is the COARE3.6 Simpli ed approach based on the bulk momentum and heat

ux algorithm described by Fairall et al. (1996), Fairall et al. (2003), and Edson et al. (2013). The
approach implemented in EFDC+ is simpli ed by assuming neutral atmospheric conditions during
the simulation. Edson et al. (2013) described the basic equations used under this assumption as
follows.

Based on dimensional arguments, the exchange of momentum at the water surface is expected to scale
as wind speed squared:

t = rCpU? (2.39)

where,t is the momentum ux or surface stress; is the density of airCp is the transfer coef cient
for momentum (i.e., the drag coef cient); is the wind speed relative to water (i.e., the air-water
velocity difference).

Under the assumption of neutral atmospheric conditi@asis computed as a function of the mea-
surement heightzf and the surface roughness)(
h | i»
Cp = 2.40
°= n(2) (2.40)

The COARE algorithm parameterizes the surface roughness by separating it into two terms:

2
20= ZMmoothy. %ough: guﬂ_,_ aug (2.41)

where Mm% accounts for “roughness” of the ocean when it is aerodynamically smooth and the
surface stress is supported by viscous shear. The seconrz(ﬁ%ccounts for the actual roughness
element driven by the wind stress in the form of surface gravity waves (Fairall et al., Xp@ghe
roughness Reynolds number for smooth ow, which has been determined to be 0.11 from laboratory
experimentsn is the kinematic viscositya is the Charnock coef cienti is the friction velocity.
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5. There is a new option in EFDC+ version 10.4 that allows a user-de ned wind drag relationship in the

form of:
8
2Cy; Ws Wi
Co=_ G+ (W W), W< We< W (2.42)
-Gy W Wo
where,

W, andW, are the lower and upper bounds wind velocities of the linear wind drag relationship,
respectively, and

C; and C, the lower and upper bounds wind drag coef cients of the linear wind drag relation-
ship, respectively.

The values for some linear wind drag relationships can be found in Table 2.2.

Table 2.2.Values of Different Linear Wind Drag Relationships.

Formulation Wi(mes) Wa(mes) Ci(10 3)  Cx(10 39)
Francis (1951) 1 25 1.3 325
Sheppard (1958) 1 20 0.914 3.08
Wilson (1960) 2.8 20 1.1 2.6
Deacon and Webb (1962) 1 14 1.07 1.98
Heaps (1965) 5 19.2 0.565 2.513
Smith and Banke (1975) 6 21 1.06 2.185
Garratt (1977) 4 21 1.018 2.157
Large and Pond (1981) 10 26 1.14 2.18
Wu (1982) 1 80 0.865 6.0
Anderson (1993) 4.5 21 0.81 1.98
Yelland and Taylor (1996) 6 26 1.02 2.42
Yelland et al. (1998) 6 26 0.926 2.346

2.2.4 Wave Action

The action of short waves on the eld velocity of ow in a large water body could be an important aspect
that may not be ignored, especially in estuaries and coastal areas. As is commonly known, both longshore
currents and undertow are generated by waves. The asymmetry of wave velocity in its orbital plane is
one of the causes of mass transport, such as sediment. Waves may be generated either by local wind or
by distant storms with longer time periods. In this document, wind-induced wave theory is presented as
applied in EFDC+. In EFDC+, there are two options to include wave effects; 1) by a Sverdrup, Munk and
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Bretschneider (SMB) wind-wave module inside EFDC+, and 2) by an external Simulating WAves Nearshore
(SWAN) wave model (SWAN Team, 2019).

In the case of waves, apart from the forces from currents, it is also necessary to add the forces from waves for
the whole water column, such as radiation stresses or stresses due to the roller in breaking waves (Mengguo
and Chongren, 2003). However, the internal EFDC+ wave module only considers radiation stresses, which
is the additional wave-induced momentum exerted on the ow eld (Longuet-Higgins and Stewart, 1964).

S = ncogq+ n %E (2.43)
Sy = Sx=(ncosgsing) E (2.44)
Sy = nsirfg+n %E (2.45)

where,

S Sy S Sy are the components of wave radiation stresses,
E is the wave energyk(s?),

E=gr gH3 (2.46)
where,
Hs isthe signi cant wave height (m),
q is the radian measure of the wave direction angle with respect to &xés (counterclockwise),
and
k is the wave number
2p
k= — 2.47
5 (2.47)
where
L is the wavelength (m),

andn is the ratio of group velocity to wave celerity

Co_

n= 2

2kh

1+ —————
sinh(2kh)

1
= 2.48

where

h is the water depth (m)

In general, the wavelength (m) can be computed by solving the non-linear equation for the dispersion
relation shown in equation (2.49).
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_gr
L= %5, tanh(kn (2.49)

This dispersion relation can be solved for the wavelength using approximations or iterative methods, for
example, EFDC+ computes wavelength by using an approximate formula (Hunt, 1979):
r—

LT %gh; (2.50)
where, L
=g+ 2.51
d=g (1+ 0:6522+ 0:46222+ 0:0864y*+ 0:0675P)’ (2:51)
and h
g= w?= (2.52)
g
wherew is the wave angular frequency (1/s)
2p
= - 2.
w T (2.53)

The regime of ow is determined through the Wave Reynolds NumBgJ,(@and the relative bed roughness

r:

UpA A

= — r=—

Ru n ks

in which A is the semi-orbital excursiolis is the Nikuradse equivalent sand grain roughness|and the
wave maximum orbital velocity near the bed.

(2.54)

Hs

A= Zsinh(kh) (2.55)
_ _ wHs
Uo = AW = 5 Ginhkn) (2.56)

The bottom friction, the bed forms (such as ripples) and the characteristics of bed materials are strongly
interdependent in case of wave actions. The friction coef cient due to waves according to Swart (1974) is
given in equation (2.57).

( _
gl5:21r %1% 6:0) r> 157
fw = (2.57)
0:3r r= 157

2.2.5 Local Wind-Generated Waves

The force applied by wind constitutes an important mechanism which drives the hydrodynamic processes
as well as sediment transport in lakes, estuaries, and coastal areas. Wind effects do not only induce the ow
current through the vertical boundary conditions at water surface, but also generate surface waves with wave
height of several meters. Consequently, the calculation of the total bed shear stress should take the wave
factor into account. The conceptual framework for wind-generated waves in EFDC+ is shown in Figure 2.4.
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Fig. 2.4. Conceptual Framework for Wind-Generated Waves.

Waves with periods of 3 to 25 seconds are primarily caused by winds. Therefore, wind-generated waves play
an important role in hydrodynamic modeling. The advantage of this wind-wave sub-model is that it can be
easily incorporated into the source code of a hydrodynamic model instead of running a separate wave model.
This means that the changes in hydrodynamic parameters are immediately updated in the wave calculations.
Additionally, the calculation time is reduced compared to other wave models.

This section presents the details of the theoretical basis and tests of the wind wave module that is incorpo-
rated into EFDC+. The mathematical formulae are empirical equations called the SMB (Sverdrup, Munk
and Bretschneider) model (Ji, 2008).

The basic assumptions of the SMB model for wind-generated waves are: a) the duration of wind blowing
along one direction is long enough to attain the equilibrium condition, b) the wind speed and water depth
are spatially uniform over the fetch. The main wave parameters can be determined including wave height,
wave direction and wave period, c) the wave direction is the same as the wind direction, and d) the effects of
refraction, diffraction and re ection are not considered. Wave height and period can be de ned in the SMB

model as:
!

w2 0:0125 gF %%
Hs = O.283aEstanh 2w (2.58)
!
WG 0:077 gF %%
T = 7.54bEtanh o we (2.59)
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where
( gH 0:75)
a = tanh 0:53 W2 ,and (2.60)
S
( gH 0:375)
b = tanh 0:833 w2 (2.61)
where,
Hs is the wave height (m),
Tp is the wave period (s),
H is the water depth (m),
W;  is the wind velocity (m/s), and
F is the fetch length (m) from the land boundary to the cell in the upwind direction and is calculated

for 16 directions.

2.2.6 Harmonic Forcings

The open boundary conditions in EFDC+ support a combination of forcings de ned as a time series and
harmonic forcings. This allows the user to model the situations in estuaries or coastal areas where the
in uences of tides and river ows or storm surges may occur.

The harmonic representation of a time sed€ can be approximated as a combination of sine and cosine
functions:

z(t)= zo(t)+ ao+ g. [axcos(wit) + bysin(wit)] (2.62)
k=1

where,
t is the time (s),
Zo(t) s the residual signal other than the periodic components (m),
ag is the mean value of the periodic components (m),
N is the number of the harmonic constituents,

ax; by are the harmonic constant of the constitue(n), and

Wk isthe angular speed of constitudntradians/s).
The angular speed of the constitu&man be calculated as
Wk = — (2.63)

where,Ti is the period constituer(s).
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Equation (2.62) can be also rewritten in another common form as

N
z(t)= zo(t)+ ao+ & Accos(Wit Ty (2.64)
k=1

where Ay is the amplitude of the harmonic constitudr{m):

g
A= a8+ bR (2.65)

andf  is the phase lag the harmonic constitueftadians):

bk
fiy = arctan — 2.66
K a (2.66)

2.2.7 Hydraulic Structures

Hydraulic structures can be modeled in EFDC+ by rating curves or hydraulic equations. A rating curve is

a lookup table which presents a relationship between the ow rate through a structure and the water heads.
Depending on the actual water heads of the structure at a certain time step, the ow rate is determined using
the lookup table. EFDC+ allows a variety of rating curves in which the ow discharge can be determined
from; a) upstream water depth, b) the head difference (between upstream and downstream), c) the head
difference and ow accelerations, d) the upstream and downstream water surface elevations, e) upstream
water depth for a low chord structure, and f) head difference for a low chord structure.

The last two types of rating curves use low chord structures such as bridges. With the low chord structures,
when ows are below the deck, they may be bi-directional, i.e., water can ow from upstream toward down-
stream or vice-versa. However, once the bridge is overtopped, ows only go from upstream to downstream.

2.2.7.1 Rating Curves

If the ow through a structure is uni-directional, i.e., the ow direction is from upstream to downstream of
the structures only. The rating curve is a lookup table which composes of a single column for water head
and a corresponding single column for ow rate.

If the ow through a structure is bi-directional, the rating curve is a two-dimensional lookup table where the
ow rates can be determined based on both upstream and downstream water surface elevations.

Beside using lookup tables, EFDC+ can also simulate internally different types of hydraulic structures. This
allows the user to model hydraulic structures rapidly and with ease in EFDC+. The built-in modeling codes
for hydraulic structures includes culverts, weirs, sluice gates, and ori ces.

2.2.7.2 Culverts

Flow rate through a culvert or sluice gate is calculated in EFDC+ based on the water levels at both sides
of the structure at its con guration. In a tidal region, the water levels on two sides of the structure are
constantly changing, which can result in bi-directional ows. The characteristics of ow through a culvert
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are complicated and are determined by the inlet geometry, slope, shape, size, roughness, approach, and
headwater and tailwater conditions. Dill (2011) described six different types of culvert ows based on the
location of the control section within the culvert and the relative elevations of the headwater, tailwater, and
culvert invert and crown elevations. The discharge through a culvert can be expressed as:

P

Q= AV= ACp RS=K S (2.67)

whereQ is the ow discharge i©°=s), A is the cross-sectional ow areat), Ris the hydraulic radiusn),
Sis the culvert slope (fractionk is the conveyancenf=s), andC is the Clézy coef cient (n®®=s) which
can be calculated by using the Manning's formula

ol

C= "R (2.68)

Sk

where,n is Manning's roughness coef cient.

Four distinct conditions arise depending on elevation of the tailwater and headwater compared to the height
of the culvert. The handling of these conditions are described in case “a” through “d” below:

a) If the tailwater is greater than the culvert height or the headwater is greater than 1.5 times the culvert
height, the culvert outlet is submerged, and the culvert is assumed to ow full. The slope is esti-
mated as the difference in headwater and tailwater elevation divided by the culvert legih the
conveyance is determined for the full culvert, and discharge is calculated by equation (2.67).

b) If both the inlet and outlet are not submerged, the critical dgpdhis computed, assuming free ow
through the culvert inlet. In this case, it is assumed that the approach velocity is negligible so that
total energy at the culvert inlet is equal to the headwater. Thus,

V2
Huaw = Yo+ ?; (2.69)

where,

Hupw Is the headwater (m),

V. is the critical velocity (m/s),
ye isthe critical depth (m), and
g is acceleration due to gravity.

In the case of critical ow through the culvert:

V2 D
29" 2 (2.70)
whereD is the hydraulic depth (m):
A
D= T (2.71)

andT is the ow top width (m). Combining equations (2.69) and (2.70) yields an expression for the
critical depth,
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d)

D
Yo = Huw > (2.72)

whereHryy is the tailwater (m).

Once the critical depth is determined, the critical velogftycritical discharge).; and critical slope
S are also calculated. The critical discharge represents the maximum possible ow through the
culvert for the given headwater as shown in equation (2.73)

Qor = VA (2.73)

If the culvert slope is greater than the critical slope, the culvert can convey more ow than the inlet
will allow. As such, the inlet controls the ow and the discharge is assumed to be equal to the critical
discharge,, calculated as equation (2.73).

If the culvert slope is less than the critical slope, the control section may be at the culvert outlet or
downstream of the culvert. The critical depth is then compared to the tailwater, and if the tailwater is
greater than the critical depth, the tailwater elevation is used to determine the ow area and hydraulic
radius, and the ow through the culvert is calculated using the equation (2.67).

If the tailwater depth is less than the critical depth, but the slope is less than the critical slope, it is
assumed that uniform ow will occur within the culvert. In this case potential energy is balanced by
head loss due to friction in the culvert and conservation of energy between the control section and

inlet can be expressed as;
2

Y
Huw = Ynt — 2.74
HW = Yn 2g ( )
where,y, is the normal depth (m) in the culvert akdis the average velocity at the control section.
It is also assumed that the approach velocity is negligible, and the slope is small such that the normal
depth is approximately equal to the vertical depth.

Equation (2.67) can be re-written as an expression of the velocity head at the control section as;

V= iRips (2.75)

Combining equations (2.74) and (2.75) yields an equation for the normal depth

11 4
=H ——R3S 2.76
Yn HW 29172 ( )
BecauseR is a function of depth, an adaptive procedure is employed to determine the normal depth.
In culverts that experience bi-directional ow, the slope may be adverse or zero. In either case, the
assumption of uniform ow is problematic because the water surface slope cannot be equal to the
culvert slope. In this case, the water surface slope, as determined from the difference in headwater

and tailwater elevations, is used in the equation (2.76).

2.2.7.3 Weirs

A general formula for free ow through a weir can be expressed as
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q
Q= CdW 2gH3y (2.77)

where,W is the width of weir (m) andCy is weir discharge coef cient. This coef cient depends on the
type of weir (broad crested or sharp-/narrow-crested, ogee), shape of opening (rectangular, triangular, trape-
zoidal), and other weir parameters.

For submerged ow through a weir, an adjustment factor is applied to equation (2.77) to account for the
submergence and is given in equation (2.78) (Villemonte, 1947)

0:385 q
CqW  2gH3, (2.78)

Hrw
Huw

Q= 1

2.2.7.4 Sluice Gates
Flow through a sluice gate can be characterized by two basic parameters: the tranquility of the ow (i.e.,
subcritical or supercritical ow) and the water depth (i.e., gate is submerged or not). For super-critical weir
ow the following equation is used

Q=CW g ZHuw (2.79)

and for sub-critical weir ow

p
Q=CWHrw 29(Hhw Hrtw) (2.80)

where,

C is the supercritical discharge coef cient,
C is the subcritical discharge coef cient,
Huw is the headwater (m),

Hrw is the tailwater (m),

w is the width of the gate (m), and

g is acceleration due to gravity.

When the water surface is determined to be below the top of the gate, the gate is modeled as a broad crested
weir and equation (2.77) is used. When the gate is submerged, the appropriate equation for either free sluice
ow (supercritical) or submerged ori ce ow (subcritical) is applied. To determine the ow through the
sluice gate at a given model time step, the headwater is compared to the tailwater.

For free sluice ow the equation (2.81) is used:

Q= CoA” 2gHnw (2.81)

Similarly, for submerged ori ce ow equation (2.82) is used.
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p
Q=CsA 29(Huw Hrw) (2.82)

where,

Cs is the discharge coef cient for free sluice ow,
Cy is the discharge coef cient for submerged ori ce ow, and

A is the gate openingf).

If the ratio of tailwater to headwater is less than 0.64, equation (2.78) for supercritical ow is applied. If

the ratio of tailwater to headwater is greater than 0.68, equation (2.79) for subcritical ow is applied. This

is either a free sluice for supercritical ow, or a submerged ori ce for subcritical ow. In cases when the
tailwater to headwater ratio is between 0.64 and 0.68 both discharges are computed and a weighted average
of the two is used.

2.2.7.5 Orices

If the headwater is lower than the opening of a ori ce, the ow through the ori ce is treated as weir ow,
and the equation (2.77) is used. If the tailwater is higher than the opening of an ori ce, then equation (2.82)
submerged ow through the ori ce is applied. If the headwater is higher than the opening of an ori ce but
the tailwater is lower than the opening of an ori ce, the free jet ow through the ori ce is calculated as

Q= C2Ap 29(Huw + 0:5B) (2.83)

where B is the height of ori ce opening (m), anduyy is calculated based on the center line of the ori ce.

2.2.7.6 Masks

In EFDC+, "masks” are implemented as barriers across cell ow faces in order to fully or partially block
ow between cells in the model domain. At orV face of a cell with mask, a "Draft Depth” and a "Bottom

Sill Height” are de ned as the thickness of a oating or xed object at the water surface, and the thickness
of a structure at the bed, respectively. If the space between "Draft” and "Bottom Sill” is equal to 0, the cell
face is fully blocked, otherwise it is partial blocked.

The blocking mask is useful to simulate structural obstacles such as breakwaters and causeways locally
aligning with the model grid, but have widths much less than the cell size or grid spacing in one direction.

2.3. Numerical Solution for the Equations of Motion

The equations of motion, shown previously in equations (2.2) and (2.3) are solved in a region subdivided
into six faced cells. The projection of the vertical cell boundaries to a horizontal plane forms a curvilinear,
orthogonal grid in the orthogonal coordinate systemny). In a vertical(x; 2) or (y; 2) plane, the cells bounded

by the same constamtsurfaces are referred to as cell layers. The equations are solved using a combination
of nite volume and nite difference techniques, with the variable locations shown in Figure 2.5.
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Fig. 2.5. Free Surface Displacement Centered Horizontal Grid.

The staggered grid location of variables is often referred to as the Arakawa C grid (Arakawa and Lamb,
1977) or the MAC grid (Peyret and Taylor, 1983). To proceed, it is convenient to modify equations (2.2)
and (2.3) by eliminating the vertical pressure gradients using equation (2.4). After some manipulation, the
horizontal momentum equations are given in the equations (2.84) and (2.85).

| 1 1 1
ﬁ(mxmyHU)"' ﬂfx(myHUU)+ ﬂ(mxHVU)"' ."fz(mmeWU)

v‘l:g:y UW Hv  mum,fHv (2.84)
= mijTs r‘nyngDZ(+rnyHgb22 ngbZ‘H:(Jr%Tz rTMItllyAv'gl; v g
1(mxmyHV)+ 1(myHUV)+ 1(mxHVV)+ 1(mxmyWV)
It x Ty 1z
+ vm UW Hu+ mym, fHu (2.85)
= mxHst WHQK+ngbK n&Hgbz'qu;+1TZ ”‘XE‘YAVE‘Z’ ‘s,

First, the vertical discretization of equations (2.84) and (2.85) is performed. The equations are integrated
with respect ta over a cell layer assuming that vertically de ned variables (at the cell or layer centers) are
constant. Additionally, these variables must be de ned vertically at the cell layer interfaces or boundaries.
Using the notation for mass uxes,

Rc= myHu; Q= myH v (2.86)
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equations (2.84) and (2.85) are rede ned as;

1 1 1
ﬁ(mxﬂ[%)"‘ ﬂfx(RUka)"' W(Qkukw)"' m (wu),  (wu), ¢

Vkﬂﬂ Ukm HwDx  m, fQuDx
Tx Ty (2.87)
= } HDelt 1( + ) H Dy 1LZ+ H Dy mﬂ—h
= 2my a<.ﬂx Pt Pk 1) my gﬂx my g X

H
0:5m,H Db (% + % 1)11]X+ M (b (b 1 +(SD),

11TTt (myQiDy) + 1}”)( (RoviDy) + 1}ﬂy (QviDx)

+m (W), (W) g + vk—ﬂmy Ukme HugDy + m fRDx
1x Ty 5 88
1 1 1z H Th (2.88)
= ZmHD—— HD.g—— —
5k D<ﬂy(pk+ P 1) My Dkg.”y+mx Dkgkkﬂy

H
0:5myH Db (% + Z 1>’111y+ M (4 My 5 +(SD)

where,Dk is the vertical cell or layer thickness, and the turbulent shear stresses at the cell layer interfaces
are de ned by:

_2 Uk+1 Uk
(txdy = ﬁ(Av)km (2.89)
KT HYT KDy + D '

If there areK cells in thez direction, the hydrostatic equation can be integrated from a cell layer interface to
the surface to give:
!

K
pk=gH A bD biD + ps (2.91)
j=k

where,ps is the physical pressure at the free surface or under the rigid lid divided by the reference density.
The continuity equation (2.5) is also integrated with respegtaeer a cell or layer to give:

1']"t(szK)+ %mom 1fy(QkDm MWt Wi 1) = S, (2.92)
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The numerical solution of the vertically discrete momentum equations (2.84) and (2.85) proceeds by splitting
the external depth integrated mode (associated with external long surface gravity waves from) the internal
mode (associated with vertical current structure).

The external mode equations are obtained by summing equations (2.84) and (2.85ellsror layers in
the vertical utilizing equation (2.91), and are given by:

T . K71 1 Tm,  Tmy
ﬁ mP + 21 ﬂfx(&UkDK)"' W(QKUKDK) ) VKW UkTy HwiDx my;Qka
_ Mz Tps ~Th g 1 H
= myHgﬁ mwa"'myHgbﬁ myHg Igl bk Dk + E(Zk"'zk 1) bkDx x (2.93)
|
L0 K )
mygH ﬂi a bk + Mtk  (txdol+ S
X k=1
T 4 KT T m,  Tm
Tt mQ + e_l .lTX(FkaDO+ ﬂ(QkaDO " ka UkTy Huy D¢ W&;RD(
fz ps ~1h & 1 TH
= Hg— H—+ miHgb_— H b D+ = (z+ b - 2.94
mxgﬂymxﬂylmxgﬂymxgkz:al kDx 2(zk Z 1) bkDx Ty (2.94)
L1 K )
mygH Ty a bD +m(ty) (tydg + S
y k=1
1 1T 1<~
ﬁ(mz)+ ‘ITXP+ WQ_ S (2.95)

where the over bar indicates an average over the depth as reiterated in equation (2.96). Additionally, equation
(2.97) is introduced to simplify equations (2.93) and (2.94).

P=mH03Q= mHY (2.96)
X 1
by = a bij ékak (2.97)

=k

The depth integrated continuity equation, equation (2.95), follows from equation (2.6) and provides the
continuity constraint for the external mode. Consistent with the form of equation (2.95) the external mode
variables are chosen to be the free surface displacemant the volumetric transport3= m,Hu andQ =

myHv. Details of the solution of the external mode equations (2.93) to (2.95) are presented in Section 2.4.

Several formulations are possible for the internal mode equations. Equations (2.84) and (2.8K) have
degrees of freedom for each of the horizontal velocity components. However, the summation of these equa-
tions overK cells or layers in the vertical to form the external mode equations (2.93) and (2.94) effectively
removes a degree of freedom since the constraints
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K
& uD¢ = G, and (2.98)
k=1
K
3 wD= v (2.99)
k=1

must be satis ed. One approach to the internal mode is to solve equations (2.84) and (2.85) using the free
surface slopes, or the surface pressure gradients in the rigid lid case, from the external solution and distribute
the error such that equations (2.98) and (2.99) are satis ed. A second approach is to form equations for the
deviations of the velocity components from their vertical means by subtracting the external equations (2.93)
and (2.94) from the layer integrated equations (2.84) and (2.85). However, it will still be necessary to satisfy
the constraints (2.98) and (2.99). The approach proposed herein is to reduce the syktésmyeioaveraged
equations (2.87) and (2.88) to system#of 1 equations and use equations (2.98) and (2.99) to provide the

K™ equation consistent with the actual degrees of freedom.

The internal mode equations are formed by rst dividing equations (2.87) and (2.88) by the cell layer thick-
ness Dk). Next, the equations for cell laydris subtracted from the equations for cell layer 1. The
resulting equation from these two operations is divided by the average thickiesg)(of the two cell
layers resulting in:

1 mXF1<+1 R N T Beiker Bk . T QeaUke1 QU

ﬂt DK+1;k ﬂx I:)<+1;k ﬂy DK+1;k
L _m (WU q  (Wu), (WU, (Wu) ka+1 Qx
I:l<+1;k DK+1 DK I:)<+1;k
1
b Ve 1“&’ uk+1‘”'””;X Hvies 1 vk'”.”"):y uk‘”'””;X Hvi (2.100)
berr bk Th 1H 1myH2 Tbk+ 1 ok
= H—— - - — " -
Derw 0 Tx XTx " 2Dew? U Ax X
m (txz)k+1 (txz)k (txz)k (txz)k 1y (Su)k+1 (Su)k
DK+1;k Di+1 Dx Dk+1;k
Al mka+1 Q . T Bevier A | 1 Qeravkesr QW
it Du+ 1k x Du+ 1:k Ty D+ 1.k
L.m (W W), (W) (W) 4 +mfo<+1 R
Dk+1;k Di+1 Dx I:]<+1;k
1 myo m, | Im,
+ Do 1 Vi+ 1 X Uk+ 1 Ty Huer o W X Uk Ty Huy (2.101)
bke1 b Th TH 1 myH? b+ 1 by
= H— — P - — + -
e @ Ty XMy T 2Desd XUy gy
L (tyder1 (v Ly (ty2)y 4 N (e (S
Di+ 1k Di+1 Dx Di+ 1k
1
Dt 1k = E(D<+1+ Dv) (2.102)
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Inspection of equations (2.100) and (2.101) reveals that they could have also been obtained by differentiating
the horizontal momentum equations (2.84) and (2.85) with respexamna introducing a nite difference
discretion inz. Using equations (2.89) and (2.90) to relate the shear stresses to the velocity differences
across the interior interfaces suggests that the equations (2.100) and (2.101) be interpreted as a system of
K 1 equations for either th 1 interfacial velocity differences or th€ 1 interior interfacial shear
stresses. Details of the solution of the internal mode equations (2.100) and (2.101) is presented in Section
2.5.

The solution of the vertical velocityy, employs the continuity equations. Dividing equation (2.92Dky
and subtracting equation (2.94) yields

3|9

%TXW P+ Q O : (2.103)

Wk = Wk 1

Sincew, = 0; the solution proceeds from the rst cell layer to the surface. Provided the constraints (equa-
tions (2.98) and (2.99)) are satis ed, the surface velocitik atK will be zero and satisfy the boundary
condition.

2.4. Computational Aspects of the Three Time Level External Mode Solution

The formulation of a computational algorithm for the numerical solution of the external mode equations
(2.93) to (2.95) begins by introducing modi ed variables and reorganizing the equations to give:

!
HTI':: gz My TP, My pin glH b

me “Tx me x my x Ix  9x
1 K 1 1 1 & m,  m
= s = = LLLL A TRLLIL O f
me &, D x0T gy Q)+ 57a Be e gyt e myfQx (2.104)
18 1 m Tue 1T m Tu
— 8 L Myt o 1 My Dok
P d x m B gy Doy

1.
+ Myt My(txr)g+ ESU

!
1Q_ my, Mz m Mo, me, o fh gfH 15

Mt m oy m oy om0 Py Sy qy

| 1 18 m, Ty
el L + — + — v oo Huct myf
m, 3¢ g (Fvi) ﬂy(Qka) myg_l Uy Uegy Ut R (2109
18 1 m fve . 1T my MTvic
il 2 YH 17K 2 XH 17K
" Tx m O Ty MOy

1 A
+ rnx(tyZ)K mx(tyz)o+ ES/
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1z 1 1P 90 _
ﬁ+m ﬂ+‘|Ty =5 (2.106)

where,

" K
b= & bkD; and (2.107)
k=1
~ K 1
b=a b+ 5(a+ & 1) beD (2.108)

=~

=1

Equations (2.104) and (2.105) now equate the time rate of change of the external or depth integrated volu-
metric transports to the pressure gradients associated with the free surface slope, atmospheric pressure and
buoyancy, the advective accelerations, the Coriolis and curvature accelerations, the free surface and bottom
tangential stresses, and the general source, sink terms. The staggered location of variables on the compu-
tational grid (Figure 2.5) allows most horizontal spatial derivatives in equations (2.104) to (2.106) to be
represented by second order accurate central differences and results in conservation of volume, mass, mo-
mentum and energy in the limit of exact integration of the equations in time (Haltiner and Williams, 1980;
Simons et al., 1973). When a variable is not located at a point required for implementation of central differ-
ence operators, averaging in either or both spatial directions is appropriate. The use of the spatial averaging
scheme of Arakawa and Lamb (1977) to represent the Coriolis and curvature accelerations also guarantees
energy conservation.

Following the introduction of discrete nite difference and averaging representations in space, equations
(2.104) to (2.106), for a horizontal grid &f cells, may be viewed as a system &f @rdinary differential
equations in time for the volumetric transport and the free surface displacement. The numerous techniques
available to solve these equations generally fall within the categories of explicit and semi-implicit. The
most frequently used explicit scheme is the three-time level leapfrog scheme where the time derivatives are
approximated between the time levels 1 andn 1; and the remaining terms are evaluated at time level

n: Although computationally simple to implement, the maximum time step is restricted by the Courant-
Fredrick-Levy condition based on the gravity wave phase speed. An alternate approach allowing larger time
steps is the semi-implicit three-time level scheme (Madala and Piacseki, 1977), which when implemented
for equations (2.104) to (2.106) is
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where,DX indicates the time step. All terms in equations (2.109) to (2.111) are understood to be evaluated
at the center time level except those evaluated at the forward and backward time lavel4, andn 1,

which are denoted by superscripts. The;, andz superscripts indicate that a variable is evaluated, or that

a spatial derivative is centered, at the corresponding spatial point.

The subscript of the spatial central difference operdtindicates direction. The grid cells are presumed to
be bounded in the horizontal by lines of constant integer values of the dimensionless orthogonal coordinates
x andy, resulting in the central spatial differences having the forms given in equations (2.112) and (2.113).

dx fi;j;k = f. 1

1
Dx tziik ik (2.112)
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1
dy fijk = = f

Dy HEH Fisj 3k (2.113)

Application of these nite difference operators to the advective accelerations is illustrated by,

1
d RijkUijx = Dx it ki Bogpd pjk (2.114)
where the constantdependence of the variables is implied. Sincetthype variables are located at integer
values ofx; averaging is necessary to obtain values at half intervals. Averaging both the transport and the

velocity yields,

_ 1 Begjkt Rk Us gkt Uk Bkt Bogjk Uikt U sjk
& Pujrliix = o 5 5 5 5 o (2115

which is consistent with a central difference approximation of the non-conservative form of this portion
of the advective acceleration. Averaging the transport and allowing the velocity to be advected from the
upwind direction gives,

h |
P +PB. B.iktP 1
d¥ P.igUiie = = max —cuiktRik-q o yn lomgyx DK Likeg o ogn Lo
x i .J,kh Dx 2 ik 2 i T Ljk
+ 1 H P|+1]k+P|]k 0 n 1 PI]|(+PI 1k . 0 n 1 (2116)
x Min 2 ul+lj k min 2 ul ik

which is consistent with an upwind or backward difference approximation of the non-conservative form of
this portion of the advective acceleration. In equation (2.116), the transport is still at timenevbile

the velocity is at time leveh 1; for both stability and accuracy (Smolarkiewicz and Clark, 1986). The
preference for the use of equation (2.115) or equation (2.116) generally depends upon the physical situation
being simulated. The central difference form introduces no numerical diffusion, but may produce solution
elds which exhibit cell to cell spatial oscillations. These oscillations can be eliminated by the addition of
horizontal diffusion terms to the momentum equations. Speci cation of the horizontal diffusivity allows the
degree of spatial smoothing to be controlled. The upwind difference form introduces numerical diffusion
and does not produce spatial oscillations in the solution eld. The Coriolis and curvature terms in equations
(2.109) and (2.110) are discretized using an energy conserving spatial averaging and differencing (Arakawa
and Lamb, 1977; Haltiner and Williams, 1980). For example, the Coriolis and curvature term in equation
(2.109) is given hy:

Lh i
1 Tmy !
m, f Qu+ vk."—r:(ly Uy Y =3 S (RHY VL H(RH)E LV (2.117)
(rn)/) 1§ ( ) (rn><)'+l;'+l (rnX)'+l;' 1
+%J =(mf), g+ —— [])X |1V|z+1 i+ 3ij sz i+ 3ij 2uiz+%;j;k (2.118)
1
ik 2 Vie e ikt Vie i gk (2.119)
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Fig. 2.6. U-centered grid in the horizontal (x, y) plane.

1
uiz+%:j;k: 5 Uik Uijik (2.120)

where the variables locations are shown in Figure 2.6.
Since the bottom tangential stresses in equations (2.109) and (2.110) must be supplied from the internal
mode solution which follows the external solution, it is lagged at the backward time level. The general

source, sink term has been replaced by horizontal diffusion terms having the form proposed by Mellor and
Blumberg (1985). The horizontal stress tensors are shown in equations (2.121) to (2.123).

_ 1 Tuk
(todk = 2AH m X (2.121)
1 v 1 fu
(txy)y = (ty) = 2A4 ET;+ @ﬂi; (2.122)
1 9w
t = _— 2.123
(yy)k 2AHm), ﬂy ( )

The horizontal diffusion coef cientAy is often speci ed as a minimum constant value necessary to smooth
cell to cell spatial oscillations in the solution eld when the central difference form of the advective accel-
eration, equation (2.115) is used. When the horizontal turbulent diffusion is used to represent subgrid scale
mixing, Ay may be determined as suggested by (Smagorinsky, 1963).
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The solution scheme for equations (2.109) to (2.111) requires rst, the evaluation of all terms in the three
equations at time levelsandn 1. On boundaries where the transports are speci ed, the speci ed values at
time leveln+ 1 are inserted into equation (2.111). Equations (2.109) and (2.110) are then used to eliminate
the unknown transports at time levet 1; from equation (2.111). The result is a discrete Helmholtz type
elliptic equation for the free surface displacement at time lavell; having the general form

z u v
my

Z™1 g2 2 HIY dizmlydz HIX @™l f =0 (2.124)
g X My X X m, y

1
m
with the termf containing all previously evaluated terms and transport boundary conditions. For cells where

the free surface displacement is speci ed, equation (2.124) is replaced by an equation which enforces the
speci ed boundary condition at time levek 1. For the rigid lid case where the free surface displacement

is constant in time and space, equation (2.124) is modi ed to give an equation for the unknown surface
pressureps by eliminating the rst term, replacingz in the discrete elliptic operator bgs; and appro-

priately modifying the last term. In the computer code, the system of equations corresponding to equation
(2.124) is solved by a reduced system conjugate gradient scheme with a multicolor or red-black ordering

of the cells (Hageman and Young, 1981). The conjugate gradient iterations continue until the sum of the
squared residuals is less than a speci ed value. The free surface displacements or surface pressures are then
substituted into equations (2.109)-(2.110) to determine the transports at timateteSince the solution

of equation (2.124) is approximate, equation (2.111) may not be identically satis ed upon substitution of the
time leveln+ 1 transports and free surface displacement. To ensure that the equation (2.111) is identically
satis ed in the case of a dynamic free surface, it is solved for a revised value of the time tevelfree

surface displacement after introduction of the time levell transports. For the rigid lid case, an external
divergence error is calculated and compensated for by adding appropriate volumetric source or sink terms
to equation (2.111) during the next time step.

2.5. Computational Aspects of the Three-Time Level Internal Mode Solution

The internal mode equations (2.100) and (2.101) are solved using a fractional step scheme (Peyret and
Taylor, 1983) with the rst step being explicit and the second step being implicit. Figure 2.7 illustrates the
location variables in thg; z plane for thex component of the internal mode equations.
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Fig. 2.7.U-centered Grid in the Verticdk; 2) Plane.

The computational equations for the three-time level explicit step are;

(Ae1 R) =(Re1 A1

1
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where the superscript denotes the provisional solution, and all the terms that don't have a speci ed time
level are at the centered time lewel The horizontal volume transpo®, andQ are de ned by the equa-

tion (2.86), andV is the vertical volume transport. The horizontal difference operations on the horizontal
advection terms are identical to those presented in Section 2.3, equations (2.114) to (2.116). The vertical
momentum ux terms may be represented in forms consistent with central or upwind differencing as shown
in equations (2.128) and (2.129).

W o1, + W, 1 Ui+ Ui
(WY = —2diC T oIk T ijke 1 (2.128)
b 2 2
! !
W 1., +W, 1. W 1., +W, 1.
(Wu)iu;j;k: max —. Z,J,k2 |+va.k;O uﬂj;&_'_ min i 2:0k |+2vJ,k;O Uir:j;bl (2.129)

where the advected velocity is in the upwind form, equation (2.129) is evaluated at tima letdr sta-

bility. The horizontal difference operations on the buoyancy and mean and total depths are central difference
operators de ned by equations (2.112) and (2.113). The inclusion of horizontal diffusion in the source, sink
terms in equations (2.125) and (2.126) would follow from its inclusion in equations (2.109) and (2.110).
The Coriolis and curvature terms are averaged and differenced by the energy conserving scheme presented
in the Section 2.3, equations (2.117) to (2.120). The stability of the explicit fractional step (Equations
(2.125) and (2.126)) is governed by the stability of the discretization of the horizontal and vertical advective
accelerations, which will be discussed in Section 2.5, and the discretization of the Coriolis and curvature
terms. The results of the Fourier stability analysis of the external mode scheme, with respect to the Coriolis
acceleration, can be shown to apply to the internal mode scheme as well.

The computational equations for the second step of the three-time level scheme are:

(Rer A" _ (Res R) oo (bdies (b (badi (bade s ™
W[%l;k nvDK+1:k Di+ 1Dx+ 1k DD+ 1:x

(2.130)
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Using equations (2.89) and (2.90), the turbulent shear stresses are related to the horizontal transports by:

A1 Bey R

titl= ¥ kel Tk 2.132

( HY mMHY Dt 1 ( )
n+1 &V n 1 Qk+1 Qk n+1

(ty2) HY . MY Dok (2.133)

Equations (2.132) and (2.133) could be used to eliminate the turbulent shear stresses from equations (2.130)
and (2.131) to give a pair ¢ 1 systems of equations for the transport differences between layers, however,
the resulting equations are poorly conditioned. Instead, equations (2.132) and (2.133) are used to eliminate
the horizontal transport differences at time lene! 1 from equations (2.130) and (2.131) to give a pair of

K 1 equations for the turbulent shear stresses.
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These equations are diagonally dominant and well conditioned, and can be solved independently at each
of the horizontal velocity locations. Since equations (2.134) and (2.135) represent fully implicit, backward
difference in time, schemes for one dimensional parabolic diffusion equations, the solutions are uncondi-
tionally stable (Fletcher, 1988). Given the solutions of the equations (2.134) and (2.135), the shear stresses,
theK 1transportdifferencefl+1 P andQw:1 Qy; are determined from equations (2.132) and (2.133)

and combined with the continuity constraints, equations (2.98) and (2.99), to form a pgagufations for

the horizontal transports in each cell layer. To illustrate, the horizontal transports in the surface cell layer
are determined analytically and given as

K 1 k
R=P+& AD (Re1 R (2.136)

=1 =1

=~

A similar expression can be derived fQi: Working down from the surface using the 1 transport
differences allows the remaining transports to be determined. It is noted for later use that the bottom cell
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layer transports can be expressed in terms of the depth integrated transports and the transport differences
using:

K 1 k
P=P & 1 4D (R«1 R (2.137)
k=1 =1

and an identical equation f@;:

The solution of equations (2.134) and (2.135) requires speci cation of bottom and surface stréssds at
andk = K; respectively. On the free surfacd = K) the surface wind stress components are speci ed.
On the bottom uid-solid boundaryk = 0) the bottom stress must be speci ed. The simplest approach to
specifying the bottom stress components utilizes the velocity component in the bottom cell layer and the
guadratic friction relations shown in equations (2.138) and (2.138).

q_— " n n+1

(T 1= G (u)+ (W) n;:u (2.138)
—_ N n+1

=G e () T (2.139)

Assuming a logarithmic velocity pro le between the solid bottom and the middle of the bottom cell layer
gives the bottom stress coef cient:

Cp= h—ﬁDlH i (2.140)
In

o
wherez, is the dimensional bottom roughness height. Inserting equation (2.137) and a corresponding equa-
tion for Q; into equations (2.138) and (2.139), respectively allows the bottom stresses at time-telel

to be expressed in terms of the depth integrated transport components, known from the external mode solu-
tion, and the unknown transport differences at time levell: However, the transport differences at time
leveln+ 1 are related to the shear stress components by equations (2.132) and (2.133), allowing the bottom
stresses to be expressed in terms of the depth integrated transports and the internal shear stresses by:

q 2 ! nt+1 ! 13

+ Kol (I’< 1kt n+

(g =Co  (u)?+(W)? 9 "VH“ a 1 ap W%; (2.141)
k=1 =1 Ao y

and a similar expression for tiygeomponent. Inserting equation (2.141) and the corresponydingiponent
equation for the bottom stress components intoktkel pair of equations (2.134) and (2.135) results in a
nearly tri-diagonal system with a fully populated rst row. The systems of equations are still ef ciently
solved using a tri-diagonal equation solver and the Sherman-Morrison formula (Press et al., 1986).

The internal mode solution is completed by the determination of the vertical velocity using:
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h i
Wi = Wi 1 :; &2 Rk P+d?  Q (2.142)

which follows from the equation (2.103). The solution of equation (2.142), where all variables are at time
leveln+ 1, proceeds frork = 1 sincew, = 0. A two time level correction step is also periodically inserted

into the internal mode time integration on the same time step as the external mode correction. The compu-
tational equations follow directly from the three time level equations using the details of the external mode
presented in Section 2.4..

2.6. \ertical Layering Options

This section summarizes the vertical coordinate options in EFDC+. It supplements the theoretical and
computational description of the basic EFDC+ hydrodynamic and transport model components. The EFDC+
model was originally formulated with a SIG stretched vertical coordinate. Later, more ef cient vertical
layering options, namely SGZ options have been implemented to reduce the error due to the horizontal
pressure gradients and to reduce the number of computational cells.

2.6.1 Standard Sigma (SIG) Approach

The SIG approach is a topographically conformal vertical coordinate system which is widely used in three-
dimensional hydrodynamic models. In this vertical coordinate system, the number of vertical levels in the
water column is the same everywhere in the domain irrespective of the depth of the water column (Figure
2.8(a)). This can resolve the water column equally well and equally ef ciently in both shallow and deep
regions of a computational domain simultaneously and it is suitable for a water body with complicated
geometry and large changes in bottom elevation. The transformation of the governing equations using
sigma-coordinate in the vertical is described in the Section 2.1.

In the SIG coordinate formulation, the number of vertical layers is the same at all horizontal locations in
the model grid. Although this formulation is widely accepted, conceptually attractive and adequate for a
large range of applications, there are numerous application classes where a trazldigoiaysical vertical

grid is desirable, such as deep reservoirs with rapid and large lateral bathymetric changes. There are also
applications where the ability to use a combination of SIG and phygiwertical layering in different

regions of the horizontal domain would be desirable. An example would be a deep navigation channel in
an otherwise shallow estuary. The SIG stretched vertical grid formulation may also be subject to internal
pressure gradient errors (Mellor et al., 1994) providing another motivation for having alternative options to
the sigma formulation.

2.6.2 Sigma-Zed Approach (SGZ)

The SIG grid used for the transformation of the vertical coordinate introduces a well-known error in the
horizontal gradient terms including the concentration, velocity, and pressure (Mellor et al., 1994). In general,
this error is signi cant only in the regions with steeply varying bathymetry. In order to overcome this
weakness, two new vertical layering approaches that are computationally ef cient have been developed and
applied in EFDC+ model (Craig et al., 2014). The vertical layering scheme has been modi ed to allow the
number of layers to vary over the model domain based on the water depth. Consequently, each cell can
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Fig. 2.8. An lllustration of EFDC+ Layering Options for a Model with= 10: (a) SIG, (b) SGZ-Speci ed
Bottom, and (c) SGZ-Uniform Layering.

have a different number of layers. Theoordinate system varies for each cell face, matching the number

of active layers to the adjacent cells (face matching of layering is a fundamental difference with the GVC
approach). Such a transformation is referred to as the SGZ coordinate. The differences in the two optional
SGZ approaches relate to the SIG layer thickness computed for each cell. Figure 2.8 shows a schematic
demonstrating the layering options. Panel (a) represents a SIG stretch grid with 10 layers. Panels (b)
represents the speci ed bottom approach which allows a user speci ed number of layers in each horizontal
cell. Figure 2.8(c) represent SGZ options with uniform layering where the bottom of each vertical layer
are aligned in the horizontal direction. It should be noted that, in SGZ coordinate the number of vertical
layers can be very large, but the computational time is shorter in comparison with a similarly con gured
SIG coordinate model.

For SGZ transformation, the equations are still the same as the SIG transformation, however, the number
of layers at each cell differs based on a factor determined based on the ratio between bed elevation and the
minimum elevation. In addition, the thickness of layers at each cell must satisfy

KC

a Dz = 1; (2.143)
k=n

in which KC is the maximum number of layensthe index of bottom layer andz, the thickness of layek:

For the original SIG the index of the bed layer always is equal#ol while in the SGZ this value can vary
intherange 1 n K depending on the number of layers due to the rescaling. This requirement improves
the accuracy of the horizontal gradient calculation for the vari@pjg of the cellL(i; j) at layerk :

Cijk G 1jk.

pd[Ci;j;k]X = Dx

(2.144)

When sediment transport is simulated and bed morphology is considered, the determination of the new
indices of bottom layers should be implemented at every time step. This is because currently the ratios
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between water depths and the maximum are changing due to erosion or deposition compared to the previous
time step. Therefore, an update of layering for the whole domain is important and necessary for SGZ.
However, the re-layering is only an optional approach.

The other necessary modi cation for SGZ coordinate system is the treatment on wet/dry in 3-D calculation
of the horizontal gradient when the number of layers at téll 1;j) is less than that at cell(i; j): It

should be noted that this problem does not appear for SIG coordinates, because the number of layers is the
same for every cell. This means that the SIG model requires more calculation time than the model with SGZ
approach.

2.7. Near-Field Discharge Dilution and Mixing Zone Analysis

The calculation procedure of the jet/plume submodel is mainly based on Lee and Cheung (1990). The
trajectory of a group of plume particles is traced in time using a Lagrangian formulation. The plume puff
gains mass as ambient uid is entrained and mixed within it, but once entrained, the new mass becomes an
indistinguishable part of the plume puff. In the simplest version, the plume is assumed to be essentially a
cylindrical segment whose radius grows as mass is entrained. The initial plume mass is identi ed as the
mass issuing from a diffuser with radibg:

Mo = T opb3ho; (2.145)

where,Mg is the initial masst g is the initial densityhyg is the diffuser radiudy is the length of the plume
mass and is chosen to be comparablégoFor examplehg = r andbg = r; wherer is the radius of the
diffuser. The initial length of the plume can be estimated from the initial plume veldgiand timeDt:

ho = VoDt (2.146)

The increment in the plume mass at the time st8ps evaluated as the sum of the plume mass increment
due to the shear-induced entrainment and the forced entrainment.

DM, = DMs+ DM (2.147)

In equation (2.147DM;s is the increase in mass due to shear entrainmentDihdis the increase in mass
due to forced entrainment. A schematic of a rising plume discharged into a water body is shown in Figure
2.9.

2.7.1 Shear-Induced Entrainment

The increase in mass of the plume element is due to turbulent entrainment of the ambient ow. Close to the
discharge point, or in a very weak current, shear-induced entrainment dominates. In general, however, the
forced entrainment of the cross ow dominates, except very close to the source. In the model, assuming the
total entrainment is a function of the horizontal currents and a shearing action of the plume relative to the
currents, the increase in mass due to shear entrainbgt s written as

49 EFDC+ Theory Document






	List of Abbreviations
	INTRODUCTION
	Development History
	EFDC+ Advancements
	EFDC+ Overview
	Hydrodynamics Module
	Sediment Transport Modules
	Propeller Wash Module
	Chemical Fate and Transport Module
	Lagrangian Particle Tracking (LPT) Module
	Eutrophication Module

	Conclusion

	HYDRODYNAMICS
	Governing Equations
	Horizontal and Vertical Coordinate Systems
	Basic Hydrodynamic Equations
	Equation of State
	Vertical Turbulent Closure

	Boundary Conditions and External Forcings
	Bottom Friction
	Vegetation
	Wind Forcings
	Wave Action
	Local Wind-Generated Waves
	Harmonic Forcings
	Hydraulic Structures

	Numerical Solution for the Equations of Motion
	Computational Aspects of the Three Time Level External Mode Solution
	Computational Aspects of the Three-Time Level Internal Mode Solution
	Vertical Layering Options
	Standard Sigma (SIG) Approach
	Sigma-Zed Approach (SGZ)

	Near-Field Discharge Dilution and Mixing Zone Analysis
	Shear-Induced Entrainment
	Forced Entrainment
	Model Implementation

	Conclusion

	CONSERVATIVE CONSTITUENTS TRANSPORT
	Introduction
	Basic Equation of Advection-Diffusion Transport
	Numerical Solution for Transport Equations

	DYE MODULE
	Decay
	Age of Water

	TEMPERATURE AND HEAT TRANSFER MODULE
	Surface Heat Exchange
	Full Heat Balance
	Equilibrium Temperature

	Short Wave Radiation Absorption
	FAST and SLOW Light Attenuation
	Water Quality Linked Light Attenuation

	Bed Heat Exchange 
	Ice Formation and Melt
	Heat Balance
	Ice Surface Temperature
	Freezing Temperature
	Ice Melt at Air/Water Interface
	Ice Growth/Melt at Bottom of Ice
	Solar Radiation at Bottom of Ice

	Water Volume Evaporative Losses

	SEDIMENT TRANSPORT MODULE
	Introduction
	Governing Equations for Suspended Sediment Transport
	Suspended Sediment Transport
	Numerical Solution

	Original EFDC+ Sediment Transport
	Non-Cohesive Sediments
	Cohesive Sediments
	Consolidation of Mixed Cohesive and Non-Cohesive Sediment Beds

	SEDZLJ Sediment Transport
	Overview
	Introduction
	SEDZLJ Model


	CHEMICAL FATE AND TRANSPORT MODULE
	Basic Equations
	Chemical Partitioning
	Water Column Chemical Transport and Boundary Conditions
	Numerical Solution to the Water Column Chemical Transport Equations

	Sediment Bed Chemical Processes
	Bedload Transport
	Numerical Solution to the Bed Chemical Process Equations

	Chemical Loss Terms
	Bulk Degradation
	Biodegradation 
	Volatilization 


	EUTROPHICATION MODULE
	Water Column Eutrophication Formulation
	Model State Variables
	Conservation of Mass Equation
	Kinetic Equations for State Variables
	Settling, Deposition and Resuspension of Particulate Matter
	Method of Solution for Kinetics Equations

	Rooted Aquatic Plants Formulation
	State Variable Equations

	Sediment Diagenesis and Flux Formulation
	Depositional Flux
	Diagenesis Flux
	Sediment Flux
	Silica
	Sediment Temperature
	Method of Solution

	Appendix

	LAGRANGIAN PARTICLE TRACKING
	Basic Equations
	Oil Spill Model 
	Wind Drag
	Loss Terms


	MARINE HYDROKINETICS MODULE
	Theory of Marine Hydrokinetics
	Implementation in EFDC+

	SHELLFISH FARMING MODULE
	Governing Equation
	Length - Weight Relation
	Filtration Rate
	Maximum Filtration Rate
	Temperature Effect
	Salinity Effect
	Suspended Solids Effect
	Dissolved Oxygen (DO) Effect

	Ingestion and Assimilation
	Respiration
	Reproduction
	Spawning

	References

