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1 Introduction to M2D
The U.S. Army Corps of Engineers (USACE), Coastal and Hydraulics
Laboratory (CHL) has adopted the circulation model M2D for local applications,
primarily in nearshore, inlet, and bay regions. M2D is computationally efficient,
easy to set up, and has features required for many coastal engineering
applications. In addition, it can be coupled to regional models, such as ADCIRC
(Luettich, Westerink, and Scheffner 1992), through boundary conditions
(Militello and Zundel 2002), providing flexibility for large-scale applications and
connectivity.
The hydrodynamic model M2D is a two-dimensional, finite-difference
numerical approximation of the depth-integrated continuity and momentum
equations. The governing equations, finite-difference approximation,
representation of bottom and surface stresses, flooding and drying algorithms,
grid scheme, and boundary conditions are documented in this report.
Cells are defined on a staggered, rectilinear grid and can have constant or
variable side lengths. The momentum equations are solved in a time-stepping
manner first, followed by solution of the continuity equation, in which the
updated velocities calculated by the momentum equations are applied. The
solution scheme is explicit, although calculation of the advective and nonlinearcontinuity terms specifies water-level and velocity values from two time steps, a
necessary condition for numerical stability (Fischer 1959, Kowalick and Murty
1993). Features of the model include flooding and drying, wind-speed dependent
(time-varying) wind-drag coefficient, variably-spaced bottom-friction coefficient,
time- and space-varying wave-stress forcing, efficient grid storage in memory,
and the convenience, through control statements, of independently turning on or
off the advective terms, mixing terms, nonlinear continuity terms, and flooding
and drying calculations. Additionally, model output is written in formats
convenient for importing into commercially-available plotting packages.
A graphical interface for M2D has been implemented within the
Surfacewater Modeling System (SMS) Versions 8.0 and above. Features of the
M2D interface are grid development, control file specification, model runs, postprocessing of results, and visualization. In addition, the SMS allows
development of M2D grids from STWAVE (Smith, Resio, and Zundel 1999,
Smith, Sherlock, and Resio 2001) grids, which is convenient for projects that
require wave-stress forcing for M2D.
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This report provides documentation for M2D and instruction on development
of an M2D project within the SMS. Chapter 2 gives the governing equations
solved in the model. Chapter 3 describes the finite-difference approximations
and defines the cell numbering method. Chapter 4 describes the types of
boundary conditions available in M2D. Chapter 5 provides the flooding and
drying algorithms. Chapter 6 describes SMS interface for M2D and provides
guidance for project development. Chapter 7 provides information on model set
up and file structure. Appendix A gives example input and output files.
Appendix B provides references for M2D development and applications.
Appendices C through F describe results of model integrity tests. Appendix G
provides results of tests for the flow-rate boundary condition.
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2 Governing Equations
The two-dimensional, depth-integrated continuity and momentum equations
solved by M2D are

 ∂u ∂v 
∂η
∂ (h + η )
∂ (h + η )
= −(h + η )
+  − u
−v
∂t
∂x
∂y
 ∂x ∂y 
uU
∂u
∂η
∂u
∂u
∂ 2u
= −g
−u
− v + 2ah 2 + fv − Cb
∂t
∂x
∂x
∂y
∂x
(h +η )
2
ρ W cos (θ )
+ Cd a
ρw ( h + η )

vU
∂v
∂η
∂v
∂v
∂ 2v
= −g
− u − v + 2ah 2 − fu − Cb
∂t
∂y
∂x
∂y
∂y
(h +η )
2
ρ a W sin (θ )
+ Cd
ρw ( h + η )

(1)

(2)

(3)

where h is the still-water depth, η is the deviation of the water-surface elevation
from the still-water level, u is the depth-averaged current velocity parallel to the
x-axis, v is the depth-averaged current velocity parallel to the y-axis, g is the
gravitational acceleration, f is the Coriolis parameter, a h is a horizontal
coefficient of eddy viscosity, U is the total current velocity, Cb is an empirical
bottom-stress coefficient, Cd is a wind drag coefficient, ρa is the density of air,
ρ w is the density of water, W is the wind speed, θ is the wind direction, and t is
time. The convention for wind direction is specified to be 0 deg for wind from
the east with angle increasing counterclockwise. The total current speed is

U = u2 + v 2

(4)

The Coriolis parameter is given by

f = 2Ω sin (ϕ )

(5)
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where Ω is the angular frequency of the Earth's rotation, and ϕ is latitude.
The bottom friction coefficient is calculated by

Cb =

g
C2

(6)

where C is the Chezy coefficient given by

C=

R1/ 6
n

(7)

in which R is the hydraulic radius, and n is the Manning roughness coefficient.
The depth-mean horizontal eddy viscosity, ah, is dependent on the total water
depth, current speed, and bottom roughness, and it is given by (Falconer, 1980)

ah =

L
O
b
g
M
P
N
Q

U
1
. g h+η 2
1156
C
2

(8)

The form of the eddy viscosity coefficient given by Equation (8) results in
mixing terms that are weakly nonlinear.
Accurate approximation of the wind-stress coefficient is of particular
importance for wind-induced flow in very shallow water ( ≈< 5 m). A short
review of formulations relating to and describing the variable wind-stress
coefficient is presented here.
The flux of momentum into the water column from the wind is specified as a
function of the wind speed and wind-stress coefficient. The height of an
anemometer above the water or land surface must be considered for accurate
estimation of the wind-stress coefficient because wind speed varies
logarithmically in the vertical direction for unstratified atmospheric conditions.
A general law for the vertical wind profile is given by (Charnock, 1955; Hsu,
1988)

Wz =

W*
Z
ln
Z0
κ

(9)

where Wz is the wind speed at height Z above the surface, Z0 is a surface
roughness, W* is the friction velocity, and κ is the von Kármán constant. The
friction velocity is defined in terms of the surface wind stress as (Hsu, 1988)
2

τ0 = ρaW* = ρa K m

∂W
∂z

(10)

where Km is an eddy viscosity coefficient. Under the assumption of nearly
neutral atmospheric stability, the wind-stress coefficient over water at a height
10 m above the water surface, C10, can be expressed as (Hsu, 1988)
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κ

C10 = 
−
W
14
.
56
2
ln
10 


2

(11)

where W10 is the wind speed in m/s at 10 m above the surface. Development of
Equation (11) includes the assumption of fully-developed seas. For
measurements of wind speed made at heights other than 10 m, an approximation
for the 10-m wind speed is (Shore Protection Manual, 1984)

 10 
W10 = W z  
Z

1/ 7

(12)

Equations (11) and (12) have been successfully applied in modeling studies
investigating motion in strongly wind-forced shallow embayments with typical
depths ranging from 1 to 4 m (Brown et al. 1995, Kraus and Militello, 1999;
Militello 1999). Calculated water level and current compared well with
measurements, indicating that these formulations are satisfactory for estimation
of the vertical wind profile and wind stress in very shallow-water systems.
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3 Calculation Approach to
Governing Equations
The rectilinear grid and discretization of the governing equations are
described in this chapter. Information is also provided on cell numbering and the
Courant stability criterion.
The solution method applied in solves the momentum equations first, then
applies the updated velocities to the continuity equation solution (Fischer, 1959).
The formulation of the finite-difference approximation presented here follows the
computational order of the solution method applied in the model. Solution of the
momentum equations is performed in two steps. In the first step, the momentum
equations are solved without the advective terms, to obtain initial approximations
of the updated velocities. The advective terms are then calculated and the
contributions added to the initial approximations to obtain the completed updated
velocities. Similarly, the continuity equation is solved without the nonlinear
continuity terms to arrive at a first prediction of water level. The nonlinear
continuity terms are then calculated and added to the solution for the water level.

Rectilinear Grid
Finite-difference approximations of the governing equations are applied to a
discretized domain where cells are defined on a rectilinear grid (which can be
regular or irregular) as shown in Figure 1. Each cell has indices i and j that
correspond to its position along the x- and y-axes of the grid domain. Watersurface elevation is calculated at the cell center, whereas the x- and y-components
of the current are calculated on the left face center and bottom face center of the
cell, respectively. Because the best orientation of the grid may be such that the xand y-axes do not correspond to geographical coordinates (N-S and E-W), cells
in the grid are defined in a local (or grid) coordinate system. The local
coordinate system is referenced to geographic coordinates by specification of the
angle between the y-axis and true North.
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Figure1. Cell and variable definitions for M2D

Linear Derivative and Coriolis Terms
Spatial derivative terms in Equations (2) and (3), excluding advection, are
approximated by

d
d
η −η
∂η 2d
≈
∂y d
∆y + ∆y
du − u

i
i
i
i

k
k
∂η 2 ηi , j − ηi −1, j
≈
∂x
∆xi , j + ∆xi −1, j
k
i, j

k
i , j −1

(14)

i , j −1

i, j

k
i +1, j

∂2u
≈
∂x 2

(13)

k
i, j

∆xi , j

d∆x

i − du

i −1, j

k
i, j

− uik−1, j

∆xi −1, j

+ ∆xi , j

i

i
(15)
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dv

k
i , j +1

∂2 v
≈
∂y 2

− vik, j

∆yi , j

d∆y

i − dv

k
i, j

− vik, j −1

i

∆yi , j −1

i , j −1

+ ∆yi , j

i

(16)

where the subscripts i and j specify the cell location on the grid, ∆xi , j and ∆yi , j
are the cell-side lengths parallel to the x- and y-axes, respectively (see Figure 1),
and the superscript k indicates the previous time step. Values of ∆x and ∆y are
constant parallel to the y and x-axes, respectively, but can vary along the x and yaxes, respectively. For example, ∆xi , j = ∆xi , j +1 but ∆xi , j may or may not equal
∆xi −1, j .

The coefficient of eddy viscosity is calculated as

L
M
a
bg
d
M
N
k

h i, j

O
i P
P
Q

U ik, j
1
k
= 1156
. g hi , j + ηi , j k 2
2
Ci , j

(17)

for Manning’s n > 0. For frictionless cells, specified by n = 0 , ah = 0.02 m2/s (if
the user has selected to include the mixing terms in the computations). The total
current speed is given by

U ik, j =

du i + dv i
k 2
i, j

k 2
i, j

(18)

The Coriolis terms are given by

f v = f i , j vik, j

(19)

f u = f i , j uik, j

(20)

Bottom Friction
Bottom friction terms are calculated by

Cbi , j uik, j U ik, j
Cb uU
=
h+η
hi , j + ηik, j

(21)

Cbi , j vik, j U ik, j
Cb v U
=
h+η
hi , j + ηik, j

(22)

b gd
b gd
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i

i

The bottom-friction coefficient, Cb, depends on the hydraulic radius, R,
which, in turn, depends on the cell dimension, ∆s , in the corresponding flow
direction. The hydraulic radius for a given cell is calculated by
k
i, j

R

dh
=

i

+ ηik, j ∆si , j

i, j

(23)

k
i, j

P

where Pi,j is the wetted perimeter of the cell, and ∆s denotes ∆x or ∆y for
application of Equation (23) to the x- or y-momentum equation, respectively.
The wetted perimeter is taken to be equal to ∆s if a cell has no impermeable
walls. If walls are present, the wetted perimeter is calculated by

d

Pi ,kj = ∆si , j + m hi , j + ηik, j

i

(24)

where m is the number of wall boundaries on sides parallel to the component of
flow corresponding to s. For example, in the case of flow along a one-cell-wide
channel aligned with the x-axis, the wetted perimeter would be calculated as
P = ∆x + 2 h + η at all cells in the channel. If the channel is two cells wide,
then the wetted perimeter for the x-momentum equation would be calculated as
P = ∆x + h + η . The formulation of the bottom-friction coefficient takes into
account wall friction, but does not distinguish it from friction along the channel
bottom. In addition, calculation of the wetted perimeter does not account for
changes in depth between adjacent cells (increase in wetted surface area).

b g
b g

If water in a cell approaches a thin layer, numerical instability may arise and
unrealistically large values of water level and current speed can be calculated.
This numerical problem is more apparent than real because water creeping onto a
dry surface is expected to experience large frictional resistance. Stability in very
shallow water is enhanced within M2D by adjustment of the bottom-friction
coefficient by the following formulation

bC g

b adjusted

F
H

= Cb 1 + exp

e

− α hi , j + ηik, j

j

IK

(25)

where the subscript adjusted denotes the modified bottom-friction coefficient,
and α is a parameter that controls the gradient of the increase of the bottomfriction coefficient as the water depth approaches zero. The bottom-friction
coefficient can vary within the range Cb to 2Cb with the adjustment scaled by
the exponential expression given within Equation (25). Figure 2 shows the
depth-dependent adjustment of the bottom-friction coefficient as given by the
exponential formulation with the parameter α set to 10. Significant increases in
the bottom-friction coefficient occur for small water depth, particularly less than
0.1 m because of the presence of large roughness elements relative to the water
depth. Thus, modification of the bottom-friction coefficient from its normal
value is restricted to small water depth. For depths greater than approximately
0.2 m, modification of the bottom-friction coefficient is small.
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Figure 2. Bottom-friction coefficient adjustment versus total water depth.

Wind Stress
Wind-stress terms are calculated by

bg
b g

c h c h
d i
cW hsincθ h
dh + η i
2

k +1
2
cos θ k +1
ρa W cos θ
ρa W
= Cd
Cd
ρw h + η
ρw
hi , j + ηik, j

bg
b g

2
ρ W sin θ
ρ
Cd a
= Cd a
ρw h + η
ρw

k +1 2

i, j

(26)

k +1

k
i, j

(27)

where Cd is calculated by Equation (11) where W10 has been calculated from W.
Height of the anemometer is specified in an input file. Wind forcing in M2D can
vary over time, but is spatially homogenous over space.

Wave Stress
To be added.
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Advective Terms
To be added.

Nonlinear Continuity Terms
The nonlinear continuity equation is treated in two steps. The first step
solves for that part of the continuity equation that includes h, and the second step
solves for terms including η. The first step is performed over the entire
calculation domain before the second step is performed. The finite-difference
approximations to terms in Equation (1) involving h are

L
du − u i + dv − v iO
M
P
∆x
∆y
P
M
N
Q
+ u iL
u
dh − h i O
∂h d
M
P
≈
u
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2
0
5
.
∆
∆
∆
+
+
x
x
x
P
M
d
i
N
Q
+ v iL
v
dh − h i O
∂h d
M
P
≈
v
∂y
2
0
5
.
∆
∆
∆
+
+
y
y
y
P
M
d
i
N
Q
F∂u ∂v I
hG + J≈ h
H∂x ∂y K

k +1
i +1. j

k +1
i, j

k +1
i , j +1

k +1
i, j

(28)
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k +1
i +1, j

i, j

k +1
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i , j +1

i , j +1

i −1, j
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(29)

i, j

i , j −1

i , j −1

(30)

i, j

The nonlinear continuity terms are approximated by

F∂u ∂v I 1 η
ηG + J= d
H∂x ∂y K 2
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i, j

k
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+η

u
−u
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(33)
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To conserve mass, the order of calculation of Equations (31), (32), and (33) must
be reversed from the other terms in the equations of motion. Following the
procedure of Roberts and Weiss (1966), Flather and Heaps (1975) reversed the
order of computations for the advective terms at every time step. The order
reversal in their numerical solution centers the computations in time and space in
their scheme.

Cell Numbering
M2D stores its numerical grid in an array rather than a matrix, which saves
memory for large or irregular grid domains. The numbering scheme for the
computational grid is designed to be efficient such that regions that never become
computationally active do not have to be stored. For model domains that have
complex shorelines, this feature can save substantial computer memory. On the
other hand, for simple grids, more memory may be required because pointing
arrays are necessary for cell indexing.
The cell-numbering system does not require row and column indexing, but
instead assigns each cell a unique identification number. Flather and Heaps
(1975) applied a similar cell-numbering system so that only cells included in
hydrodynamic calculations were stored. Non-computational regions of the grid,
such as the mainland and islands, do not require assigned cell numbers, so they
do not occupy space in memory. Figure 3 illustrates the cell-numbering system
that includes a non-computational region indicated by hatching. Cell
identification numbers of neighbors adjacent to a particular cell are stored in a
pointing matrix within the model. For example, Cell 9 has neighbors with cell
identification numbers 12, 10, 4, and 8 moving from top, to right, bottom, and
left, respectively. This clockwise order of referencing neighbor cells will be
taken as convention. Locations where no cells exist, such as beyond the
computational domain or in non-computational regions, such as islands within
the domain, are designated with a cell number of 0. For example, Cell 11 in
Figure 3 lies on the boundary of the grid domain and also resides next to a noncomputational area. The neighbor-cell specifications for Cell 11 would be stored
as 14, 0, 6, and 0. The grid does not contain any cells with cell number of zero;
this value is used in neighbor specification to indicate that a computational cell
does not exist at a particular location. If a cell is removed from computations, it
retains its original cell number, but its neighbors do not "see" it, and calculations
are performed for an impermeable wall at the interfaces of the neighbors and the
inactive cell.
In implementation of the finite-difference computations, the i, j indexing is
replaced by cell identification numbers. For example, the water-surface gradients
given by Equations (13) and (14) for the i, j coordinates corresponding to Cell 17
would be calculated as

c
b

h
g

k
k
∂η 2 η17 − η16
≈
∂x
∆x17 + ∆x16
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(34)

k
k
∂η 2 (η17 − η12 )
≈
∂ y ( ∆y17 + ∆y12 )

(35)

19.00

20.00

21.00

22.00

23.00

14.00

15.00

16.00

17.00

18.00

11.00

-1.00

-1.00

12.00

13.00

6.00

7.00

8.00

9.00

10.00

1.00

2.00

3.00

4.00

5.00

Figure 3. Cell numbering system.

Removal of a cell from computations can be achieved by setting its type to
inactive and changing its value to zero at locations where it is referenced as a
neighbor. The inactive cell would remain in the grid and retain its original cell
number. As an example, if Cell 3 were to be changed to an inactive type cell, the
neighbor specifications for Cell 4 would be changed from 9, 5, 0, 3 to 9, 5, 0, 0.
Specifications for Cell 3 would remain the same, except that the type would be
changed to inactive (Type 0).
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Courant Condition
An initial estimate of the maximum time step for a grid is calculated from the
Courant number ξ, given by

ξ≡u

∆t
∆s

(36)

(Richtmyer and Morton, 1957). The theoretical maximum value of the Courant
number is unity for stability of a linear, finite-difference hydrodynamic model.
Practical application of M2D requires that the Courant number be less than 1,
with a maximum of approximately 0.7, where u is taken to be gh . For a
variably-spaced grid, the maximum time step must be set by application of the
Courant stability condition to the cell that requires the smallest time step. For
given cell dimensions, a deep channel would require specification of a shorter
time step than a shallower region.

G14

4 Boundary Conditions
Five types of boundary conditions are implemented in M2D, and these can be
distinguished as specifying forcing and non-forcing boundaries. Table 1 lists the
boundary-condition types and contains a short description of each. Details of
each boundary-condition type are presented below, including finite-difference
approximations specific to each type. The finite-difference approximations
presented for the boundary conditions are specified for flow parallel to the x axis.
Analogous approximations have been implemented for flow parallel to the y axis,
but are not presented because they are redundant.

Table 1. Boundary condition types
Boundary Condition

Description

Tidal-constituent water-level forcing

Water level specified as a sum of tidal constituents

Time-series water-level forcing

Water level specified from a time-series input file

Time-series flow-rate forcing

Flow rate specified from a time-series input file

Closed, reflective (non-forcing)

Impermeable boundary, velocity must flow parallel to the
boundary

Passive open (non-forcing)

Open boundary specified by assigning flow rate through
boundary cell identical to adjacent interior cell

If cell (i,j) is forced directly by a boundary condition, then the variable
through which that boundary condition enters depends on the location of the
boundary relative to cell (i,j). Boundary conditions must enter the continuity
equation from one or both of cells (i+1,j) and (i,j+1), depending on the grid and
boundary configuration. Boundary conditions must enter the momentum
equation through one or both of cells (i-1,j), and (i,j-1).

Tidal-Constituent Forcing Boundary Condition
Water-level forcing can be applied by either tidal constituents or by
specification of time-series water level. The tidal-constituent forcing in M2D can
accommodate as many as eight components of the astronomical tide. The user
can select from the following constituents: M2, S2, N2, K2, K1, O1, M4, and M6.
Although the M4 and M6 constituents are harmonics, they can be generated in
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continental shelf areas and may be present as components of the tidal forcing at
the grid boundary. Specification of tidal constituents requires input information
for the local amplitude and phase values. The applied tidal forcing is simple and
does not include advanced tidal calculations or relations to Greenwich tidal
parameters (Schureman, 1924).
The water-level forcing boundary condition enters the momentum equations
as a component of the surface-slope calculation. For the x-momentum equation,
the tidal boundary is applied as
k
k
∂η ηi , j − ηb
=
∆xi , j
∂x

(37)

where ηb denotes the tidally-specified water level.
Application of the tidal boundary condition to the continuity equation allows
direct computation of the water level at a cell just inside the boundary. For cell i,
j positioned to the left of the tidal boundary, the water level is calculated by
k +1
i, j

η

= ηb −

d

ηb − ηik−1, j

i

0.5 ∆xi −1, j + ∆xi , j + ∆xi , j

∆xi , j

(38)

where a cell size of ∆xi , j has been assumed for the position of the tidal
boundary.

Time-Series Water-Level Forcing Boundary
Condition
The time-series water-level forcing boundary condition is specified by water
levels read into the model from an input file. Time increments of the forcing data
are not required to be equal to, or in multiple increments of, the model time step.
Because the model will usually have smaller time steps than the water-level
forcing data input, M2D must be instructed on treatment of the water-level
boundary value between times that its value is specified in the input file. One
option is to keep the water-level constant between input water-level values. A
second option is to linearly interpolate in time between input water-level values.
The boundary condition input file for water level contains a parameter that sets
the option.
Implementation of the time-series water-level forcing boundary condition in
M2D is slightly different from that of the tidal-boundary condition in that the
time-series forcing cell resides on the computational grid. As with the tidal
forcing, the time-series water-level forcing enters into the momentum equation
through the water-surface gradient. The boundary is applied as
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ηik, j − ηbk
∂η
=2
∆xi , j − ∆xi −1, j
∂x

(39)

where ηbk = ηik−1, j . Once the value of the time-series water-level at the boundary
is specified and placed into the water-elevation array, the water-surface gradient
for a cell adjacent to the boundary can be calculated in the same manner as an
internal cell that does not reside on a boundary.

Time-Series Flow-Rate Forcing Boundary
Condition
The time-series flow-rate forcing boundary condition can be applied at
locations where the flow rate is known. Typical examples where this boundary
condition is applied are natural tributaries (rivers, streams, and creeks),
controlled-discharge canals, and anthropogenic intake or discharge locations such
as for power plant cooling water or treatment plant outfalls.
A flow-rate boundary condition specifies discharge at one or more cells on
the grid boundary. For each cell, the equation for flow rate Q is applied. This
equation is

Q = AU

(40)

where A is the cross-sectional area and here U is the current velocity normal to
the cross-sectional area. Applying Eq. (40) to the x and y directions gives

Qx = [ (h + η )∆y ] u

(41)

Qy = [ (h + η )∆x ] v

(42)

where Qx and Qy are flow rates parallel to the x and y axes, respectively.
The flow-rate boundary condition in M2D can only be specified for flow
along one axis at any given boundary cell. The grid file provides the cell and
boundary information to M2D so that it applies the appropriate equation. The
flow direction along an axis is specified as positive if Q > 0 and is negative if
Q < 0 . For example, if a flow-rate boundary is specified such that the discharge
is parallel to the x axis and Qx > 0 , then the flow is directed toward the positive
x direction.
Implementation of the flow-rate boundary condition varies depending on
whether it enters through the continuity equation or one of the momentum
equations. If the flow-rate boundary condition is applied through a cell face
corresponding to (i,j+1) or (i+1,j), then it enters through the continuity equation.
If the flow-rate boundary condition is applied through at cell face corresponding
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to (i-1,j) or (i,j-1), then it will enter through the x or y momentum equation,
respectively.
For a flow-rate boundary condition that enters through the continuity
equation, the boundary water-surface elevation is set equal to that of the adjacent
interior cell as
k
ηbk +1 = ηadj

(43)

where the subscript b denotes the forcing boundary cell, and ηadj denotes the
water-surface elevation at the adjacent interior cell (a cell that is adjacent to a
boundary cell and is not a forcing cell). For flow rate specified parallel to the x
axis, the velocity for the boundary cell ubk +1 is calculated based on the flow
direction as

ubk +1 =

ubk +1 =

Q k +1
,
hb ∆y

(

Q k +1 ≥ 0

Q k +1
,
hb + ηbk +1 ∆y

(44)

Q k +1 < 0

)

(45)

where Qk+1 is the flow rate specified at the boundary at time k+1. For flow rate
specified parallel to the y axis, the velocity for the boundary cell vbk +1 is
calculated based on the flow direction as
k +1
b

Q k +1
=
,
hb ∆x

k +1
b

Q k +1
=
,
hb + ηbk +1 ∆x

v

v

(

Q k +1 ≥ 0

(46)

Q k +1 < 0

)

(47)

Specification of boundary variables for flow-rate forcing boundary
information that enters through one of the momentum equations is also
dependent on the flow direction. For the x momentum equation, the watersurface elevation is prescribed as
k
ηbk +1 = ηadj
,

k +1
b

η

= η − hb
k
b

and the velocity is
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Q k +1 ≥ 0

(u

k
adj

− ubk

∆x

) ∆t ,

(48)

Q k +1 < 0

(49)

ubk +1 =

(

Q k +1
hb + ηbk +1 ∆y

(50)

)

For the flow-rate boundary condition entering through the y momentum
equation, Eqn. (48) applies and Eqn. (49) becomes

η

k +1
b

= η − hb
k
b

(v

k
adj

− ubk

∆y

) ∆t ,

Q k +1 < 0

(51)

The velocity at the boundary is given by

vbk +1 =

(

Q k +1
hb + ηbk +1 ∆x

)

(52)

In addition to the variable specification on the boundaries, the velocities of the
interior cells adjacent to the flow-rate forcing boundaries are specified as
k +1
uadj
=

(

Qbk +1
hadj + ηbk +1 ∆y

)

(53)

for boundary flow prescribed parallel to the x axis, and
k +1
vadj
=

(

Qbk +1
hadj + ηbk +1 ∆x

)

(54)

for boundary flow prescribed parallel to the y axis. Equations (53) and (54) are
applied only when the flow rate boundary condition enters through a momentum
equation.
If a cell is specified as a flow-rate forcing cell, M2D redefines the cell
attributes so that no cross flow (normal to the direction of the specified flow rate)
can occur. Walls are defined on the cell faces through which normally-directed
flow could normally occur.

Closed, Reflective Boundary Condition
The closed, reflective boundary condition is applied at impermeable
boundaries. These boundaries behave as walls; water can flow parallel to the
wall face, but not through it. Specification of the velocity at the closed boundary
for either the momentum or continuity equation is

ubk +1 = 0

(55)

The spatial gradient of velocity for the continuity equation is calculated by
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d

i

ubk +1 − uik, +j 1
uik, +j 1
∂u
=
=−
∂x
∆xi , j
∆xi , j

(56)

Passive Open Boundary Condition
The passive open boundary condition can be applied at open regions of the
grid where information on water elevation or flow rate is not available.
Typically, this type of open boundary condition would be applied along lateral
nearshore boundaries where wave forcing is significant or at channels that extend
beyond the grid domain and are not a source of significant forcing for the system.
Boundary condition description to be added.

Cell Types
Five cell types can be specified within M2D. The cell-type specifications
instruct the model in treatment of each cell. Table 2 gives the cell types and their
function. The inactive cell type can be applied to specify cells where the
equations of motion are not applied (no calculations performed for inactive cells),
such as at islands. The computational grid can be developed in an efficient
manner that does not require inclusion of inactive cells. Thus, this cell type
should be avoided to minimize memory requirements, but it can be included in
the grid.
The active regular cell type is specified for the majority of cells in a typical
computational domain. Active regular cells are not forcing cells. The waterlevel and flow-rate forcing boundary cell types specify the water elevation and
flow rate, respectively, at boundary cells.
The dry cell type corresponds to a cell that has dried during the simulation.
The dry cell is not included in hydrodynamic calculations until it is rewetted.
Upon rewetting, the cell type is changed to the active regular type.
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Table 2. Cell types and their function in M2D
Type
Index

Type

Function

0

Inactive

Cell not included as part of calculation domain

1

Active regular cell

Non-forcing, regular cell

2

Water-level forcing boundary cell

Water-level specified as a boundary condition at
this cell

3

Flow-rate forcing boundary cell

Flow rate specified as a boundary condition at
this cell

4

Dry cell

Cell dry and not included in hydrodynamic
calculations until rewetted. Upon rewetting, cell
type changed to Type 1
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5 Flooding and Drying
Numerical modeling of shallow-water lagoons with expansive tidal or windtidal flats is most accurately performed if realistic and robust flooding and drying
algorithms are included in the computations. Representation of flooding and
drying also eliminates the need to modify grid depth to avoid artificially-induced
instabilities or to specify unrealistic walls around the domain. Numerical
simulation of flooding and drying of cells or elements in hydrodynamic models
has been performed with various techniques such as application of barrier and
weir equations (Reid and Bodine, 1968; Butler, 1978; Wanstrath, 1978) and
moving boundaries (Yeh and Chou, 1979). The approach taken in M2D removes
and returns cells to the active computational domain so that the land-water
interface position is defined by location of adjacent active and dry cells. The
algorithms minimize changes in water-level gradient.
Successful implementation of a flooding and drying algorithm requires that
shocks, flutter, and reflections be minimized or nonexistent; patterns of drying be
realistic; and the flooding and drying of cells occur under physically realistic
conditions. Flutter occurs when one or more cells rapidly alternate between
being flooded and dried (for example, several times between successive time
steps). During cell flooding and drying, gradients in water level or current can be
induced that set up artificial oscillations. These oscillations can be interpreted by
a model as the correct condition for flooding or drying of a cell. Thus, measures
should be taken to reduce the artificial oscillations upon inception of flooding or
drying and to control the response of the model to these oscillations.
Criteria were established for the flooding and drying algorithms implemented
in M2D and are given in Table 3. The criteria were specified so that the
algorithms would behave realistically, and numerical problems, such as
oscillations and flutter, would be minimized. Two of the criteria involve
specification of a number of time steps for a cell to be wet or dry. These
requirements force the cell to remain open or closed so that terms in the
equations of motion can approach equilibrium in the vicinity of the newly wetted
or dried cell. In numerical tests described in Appendix F, the required number of
time steps for a cell to remain wet or dry was set to 30 for the 1D tests and 100
for the 2D test. These specifications in the numerical tests reduced flutter,
although flutter was not completely eliminated. The number of time steps
specified for cells to remain wet or dry may depend on cell size and time step and
can be varied for different applications.
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Table 3. Criteria for flooding and drying algorithms
Flooding

Comments

1. Water level must exceed a certain elevation in adjacent cells

Transfer of physically meaningful water
volume, avoid transfer of unphysical
amount, avoid flutter

2. Water must be moving toward dry cell and be of elevation greater
than elevation of dry cell

Takes into account wind-induced setup

3. Once a cell is wet, it must remain wet until adjacent cells have been
wet for at least Md time steps

Reduces flutter

Drying

Comments

1.

η

less than still-water depth, h

2. Once a cell is dry, it must remain dry for Nd time steps

Definition of drying
Reduces flutter

Drying Algorithm
The algorithm for drying cells has four basic steps: (1) Test the water depth
to determine if the cell has dried; (2) If the cell has dried, remove the volume of
water that was in the cell at the previous time step and distribute it over the active
computational domain; (3) Modify the cell boundary type for the dried cell; and
(4) Recalculate water elevations and currents for the previous time step. The
drying algorithm was developed to be realistic in that a dry cell does not contain
permanently residual or "virtual" water. In addition, Step (2) ensures that mass is
conserved.
Every wet cell is checked to determine whether or not it has dried after new
water-level and velocity values have been calculated over the model domain.
The criterion for a cell to be dry is

Hi , j = hi , j + ηi , j ≤ Hcr

(57)

where Hi , j is the total water depth, and Hcr is a depth below which drying is
assumed to occur. For the numerical tests presented in Appendix B, Hcr was set
to 0.1 m.
During numerical computation of drying, the effective time when a cell becomes
dry is at step k+1. However, because the calculated depth is usually negative, the
time when the depth was zero would have occurred between time steps. To
reduce shocks associated with the refilling of cells after the depth has become
negative, the drying algorithm in M2D moves back in time to the previous step
and forces the cell to dry then.
Once the newly dried cell is removed from computations and the water level
is adjusted, the cell boundary types are re-specified and the newly dried cell is
designated as a Type 4 (dry) cell. Cell boundaries at interfaces of the newly
dried cell and its four neighbors are set to closed, reflecting boundaries. In the
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final step of the drying algorithm, the momentum and continuity equations are
resolved for the previous time step.

Flooding Algorithm
The flooding algorithm implements a technique developed to minimize
shocks during the cell-wetting process. Shocks occur if the balance of terms in
the equations of motion is artificially disrupted, and reflections are induced at the
wetted cell wall. Propagation of the shock produces two undesirable phenomena:
instabilities and flutter. Development of the flooding algorithm presented here
was subject to the requirements that shocks be minimized and wetting occur
under physically realistic conditions.
The algorithm for flooding cells is comprised of four basic steps:
(1) Determine if a cell is to be flooded; (2) Calculate the volume of water to be
transferred to the flooding cell; (3) Transfer water to the cell to be flooded; and
(4) Modify the cell-boundary type for the newly wetted cell.
At each time step, dry cells are evaluated to determine if conditions are
appropriate for flooding. For a cell to be flooded, it must first remain dry for a
specified number of time steps. This requirement helps to reduce flutter from
repeated consecutive opening and closing of a cell. If a cell has met the time
requirement for remaining dry, the water levels and direction of the currents at
surrounding cells are checked. A cell can only be flooded if the water level in at
least one adjacent cell is higher than in the dry cell, and the corresponding
current is flowing toward the dry cell. The requirement for water to be flowing
toward the dry cell is necessary to prevent flooding under strong wind forcing,
during which water may be driven away from the dry cell while the water level in
the adjacent (downwind) cell is higher than in the dry cell.
Once the water level and current conditions are favorable for flooding, a
water level for the dry cell is calculated based on the water-surface elevations of
surrounding cells where water levels meet the criteria stated above. Potentially,
four water-surface elevation values are available for calculating water level in the
dry cell. Calculation of water level for the cell to be flooded is calculated as the
average of water-surface elevation values in all surrounding cells that meet the
criteria stated above.
After the water levels are updated, the boundaries at the interfaces of the
flooded cell and adjacent cells are opened so that water can flow freely through
them. The cell type of the flooded cell is set to Type 1 (active regular cell; see
Table 2).
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6 Surfacewater Modeling
System Interface for M2D
A graphical interface for M2D has been implemented within the SMS
Versions 8.0 and higher. The interface has capabilities for grid development,
parameter specification, control file setup, model runs, post-processing of global
field values, and visualization. This chapter provides instruction on creating and
working with M2D projects within the SMS.
To be added.
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7 Model Setup and File
Structure
Setup of M2D requires development of a computational grid and preparation
of one or more input files. This section describes the structure of files required to
run the M2D model and its output files. All input and output files to M2D are
ASCII. Unless otherwise noted, files are free format.

Grid Definition
The grid file for M2D is structured such that all information pertaining to a
cell is found on the same line as the cell identification number. This format is
convenient for the user so that once a cell is located in the grid file, its properties
are easily viewed or modified. The grid file contains information that is not used
within M2D, but is retained for user reference and post processing.
The first line of the grid file is a header line that describes the columns of
information that make up the grid. Only one line is allowed for the header. All
lines after the first specify cell information. Cells are defined by their cell
identification number and the cell numbers of adjacent cells, referred to by local
direction (North, East, South, West). These directions are relative to the local
(grid) coordinate system defined by the grid, which may or may not be aligned
with global geographic coordinates. For example, if the grid is oriented with its y
axis parallel to North-South, then the grid coordinate system is aligned with
global geographic coordinates. If the grid is rotated at an angle such that its y
axis is not parallel to North-South, then the local coordinate system is not aligned
with global geographic coordinates. In the latter case, directions specified in the
grid file and within M2D correspond to the local coordinate system.
Each line describing a cell consists of the following information:
Cell number, NC, EC, SC, WC, NB, EB, SB, WB, IACTV, DX, DY, H, N,
ROW, COL, LAT, X-DIST, Y-DIST
where descriptions of parameters are given in Table 4.
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Cell-center coordinates (x-dist and y-dist) can be given in any Cartesian
coordinate system, such as State Plane or UTM. M2D does not apply the cellcenter coordinates in calculations, but does export the values in global files of
water-surface elevation and velocity. Because no specific coordinate system is
required, the user can apply a coordinate system that is convenient for the
particular application.

Table 4. Definitions of parameters in grid file
Parameter

Description1

Cell Number

Cell identification number (referred to as ICELL within M2D)

NC

Cell number of cell adjacent to and north of ICELL

EC

Cell number of cell adjacent to and east of ICELL

SC

Cell number of cell adjacent to and south of ICELL

WC

Cell number of cell adjacent to and west of ICELL

NB

Boundary type at northern edge of ICELL

EB

Boundary type at eastern edge of ICELL

SB

Boundary type at southern edge of ICELL

WB

Boundary type at western edge of ICELL

IACTV

Cell type or active status

DX

Cell width parallel to the x axis (m)

DY

Cell width parallel to the y axis (m)

H

Still-water depth relative to a user-specified datum (m)

N

Manning roughness coefficient (m/s1/3)

ROW

Row position of cell2

COL

Column position of cell2

LAT

Latitude (decimal degrees)

X-DIST

X coordinate or distance from grid origin2 (m) 3, 4

Y-DIST

Y coordinate or distance from grid origin2 (m) 3, 4

1. Directional description (North, East, South, West) refers to the grid coordinate system.
2. Parameter is not used in M2D calculations
3. Parameter is not used in M2D calculations, but is written in global output files
4. Coordinates are located at cell centers

Model Control
Model control specifications are defined in an input file called “m2d.m2c.”
Each line of m2d.m2c contains the parameter or character string followed by a
description. The description is optional as M2D does not read it. File names for
i/o are user-specified for M2D and are listed as input parameters in m2d.m2c.
Names of files are limited to 50 characters in length. There must be at least one
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space between the parameter or character string and the description. Information
contained in the m2d.m2c file is listed in Table 5 in the required order. The
format of the m2d.m2c file is the same for all model and project configurations.
All parameters listed in Table 5 must be included in the m2d.m2c file.
Three types of output files can be specified: time-series of variables or terms
at specified cells, time-series of variables along a profile (not discussed), or
global values of variables at specified times. To specify time-series of variable
or terms, cell numbers are identified as locations to output information and a
separate file is created to save each variable or term. Files denoted in Table 5 as
“Cell-specification files” list cell identification numbers at which time-series
information is stored. Each line of a cell-specification file contains one cell
identification number.
Files denoted in Table 5 as “Time-specification files” are for global velocity
and elevation output, and contain a list of times to save data. Times are specified
in number of elapsed hours since the beginning of the simulation. Each line in
the file contains one value of time and times must be in sequential order. The
interval between successive output can vary through the simulation. For
example, a time specification file may have output times prescribed as 0, 1, 2,
2.5, 3, 3.5, 4, 4.25, and 5 hr.
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Table 5. Model control file specifications
Parameter

Description

Anemometer height (m)

Height of anemometer above water or land
surface

Ratio of density of air to density of water

Set to 0.0012 for typical applications

Angle between True North and y-axis of grid
(deg)

Defined by grid orientation

Grid origin x-coordinate

Location of x position of Cell 1

Grid origin y-coordinate

Location of y position of Cell 1

Time step (s)

Model time step

Linear or nonlinear continuity equation

Flag for inclusion of finite-amplitude terms in the
continuity equation. Flag settings: 0 = do not
include, 1 = include

Include advective terms

Flag for inclusion of advective terms in the
momentum equation. Flag settings: 0 = do not
include, 1 = include

Include mixing terms

Flag for inclusion of mixing terms in the
momentum equation. Flag settings: 0 = do not
include, 1 = include

Allow wetting and drying

Flag for allowing flooding and drying. Flag
settings: 0 = do not allow, 1 = allow.

Depth (m) to begin drying cells

If wetting and drying are allowed, drying will
occur if the total depth in a cell is less than or
equal to the depth specified here.

Calculate sediment transport**

Flag for calculation of sediment transport. Flag
settings: 0 = do not calculate, 1 = calculate

Sediment transport time step**

Time step for sediment transport calculations

Starting Julian Day (YYDDD OR DDD)

Date of beginning of simulation

Start time (hr)

Time of beginning of simulation

Realization time (hr)

Duration of simulation

Ramp duration (day)

Duration of ramp

Steering Module elapsed time

Cumulative time at beginning of present
simulation; applied for multiple simulations with
Steering Module

Time to write output for hot start (hr)

Time when hot start output is to be written. Use
a value of 0 if no hot start information is to be
saved,

Grid file name

Name of grid file (required)

Initial conditions file name

Name of file containing initial conditions. If
starting the simulation from quiescent conditions,
use “default” (without the quotes) instead of a file
name.

Tidal constituents file name

Name of file containing tidal constituents*.

Wind input file name

Name of file containing wind speed and direction
(required).

Include radiation stresses

Flag for inclusion of radiation stress forcing. Flag
settings: 0 = no radiation stress forcing, 1 =
include radiation stress forcing
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STWAVE simulation file

Name of STWAVE *.sim file

Radiation stress file

Name of radiation stress file *.rad.

Hot start output file name

Name of hot start output file*.

Time-specification file for vector plot output

Name of file containing times for vector plot
(global u, v) output*.

Time-specification file for global elevation output

Name of file containing times for global elevation
output*.

Time-series output cell-specification file

Name of file containing cell numbers for timeseries output of u, v, η, and nonlinear terms*.

Flow rate output time-series cell-specification file

Name of file containing cell numbers for flow rate
output*.

Time between output file writes (s) for u, v, η
time-series file

Time should be a multiple of the simulation time
step

Time between output file writes (s) for profile file

Time should be a multiple of the simulation time
step

Time between output file writes (s) for flow-rate
file

Time should be a multiple of the simulation time
step

Time-series output file for u

Name of file to contain u time series*.

Time-series output file for v

Name of file to contain v time series*.

Time-series output file for η

Name of file to contain η time series*.

Time-series output file for

u ∂η / ∂x

Name of file to contain

u ∂η / ∂x

time series*.

Time-series output file for

v∂η / ∂y

Name of file to contain

v∂η / ∂y

time series*.

Time-series output file for

η∂u / ∂x

Name of file to contain

η∂u / ∂x

time series*.

Time-series output file for

η∂v / ∂y

Name of file to contain

η∂v / ∂y

time series*.

Time-series output file for

u ∂u / ∂x

Name of file to contain

u ∂u / ∂x

time series*.

Time-series output file for

u ∂v / ∂x

Name of file to contain

u ∂v / ∂x

time series*.

Time-series output file for

v∂u / ∂y

Name of file to contain

v∂u / ∂y

time series*.

Time-series output file for

v∂v / ∂y

Name of file to contain

v∂v / ∂y

time series*.

Time-series output file for x-component of bottom
friction

Name of file to contain time series of xcomponent of bottom friction*.

Time-series output file for y-component of bottom
friction

Name of file to contain time series of ycomponent of bottom friction*.

Time-series output file for x-component of wind
stress

Name of file to contain time series of xcomponent of wind stress*.

Time-series output file for y-component of wind
stress

Name of file to contain time series of ycomponent of wind stress*.

Flow rate output file for Qx

Name of file to contain time series of Qx*.

Flow rate output file for Qy

Name of file to contain time series of Qy*.

Prefix for vector output file name

M2D appends “.m2v” to the user-specified prefix
when naming the vector output file.

Prefix for global elevation output file name

M2D appends “.m2s” to the user-specified prefix
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when naming the global elevation file.
Prefix for global bottom change output file name

M2D appends “.m2s” to the user-specified prefix
when naming the global bottom change file.

HDRIVER file name

Name of file containing water-surface elevation
forcing information.

QDRIVER file name

Name of file containing flow-rate forcing
information.

* Use “none” or “NONE” if no hot start output for this variable is specified.
**Sediment transport in M2D is under development and is not presently available for the end user.

Initial Conditions and Forcing Data Files
An initial conditions file provide the water-surface elevation and velocity at
the beginning of the simulation at all cells. Each line in the initial conditions file
contains four values: cell number, η, u, and v. Water level is given in m and
velocity components are given in m/s.
Forcing data for M2D can be from water-level time series, discharge time
series, tidal constituents, and wind. Input requirements for each of these is
described. Specification of forcing by water-surface elevation and discharge are
nearly identical and are presented together.
M2D recognizes whether time series of water level and/or discharge are
applied as forcing by identification of forcing cells in the grid file. If time-series
water level (discharge) driving cells are found, M2D opens the HDRIVER
(QDRIVER) (see Table 5). The first line of the HDRIVER (QDRIVER) file
contains two integer values. The first value specifies the number of files
containing water-surface elevation forcing time series. The second number is the
total number of cells forced by water-surface elevation values.
The second line contains the name of a data file that contains the forcing
data. The third line of the HDRIVER (QDRIVER) file contains the number of
cells that are driven by the data contained in the file listed in the second line, and
an interpolation parameter. The interpolation parameter specifies whether or not
the forcing data are interpolated between model time steps. For example, waterlevel forcing data may be available every hour, but the model time step might be
30 s. If the interpolation parameter is set to 1, values of water level at the forcing
boundaries are interpolated at each model time step. If the interpolation
parameter is set to 0, no interpolation takes place. Interpolation of discharge is
treated in the same manner. Following the first and second lines of the
HDRIVER (QDRIVER) file is a list of cell numbers that are forced by the timeseries data given in the forcing data file.
If more than one forcing data file is applied for water level or discharge,
information is specified exactly as described above for all sets of forcing data and
placed in the HDRIVER or QDRIVER file below the information for the first
file.
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Files containing time-series water level or discharge forcing data are
specified to have two values on each line. The first value is the time stamp. The
time is specified in hours since the beginning of the simulation. So, at t = 0, the
time stamp would be 0.0 and at t = 1 day, the time stamp would be 24.0. The
second value is water-surface elevation (m) relative to the same datum as the grid
for water-level forcing data, or flow rate (m3/s) for discharge data. Time stamps
must start at 0.0 and end at or after the ending time of the simulation.
Wind speed and direction are given in the user-specified wind file listed in
m2d.m2c. The wind forcing file contains three values on each line. The first
value is the time stamp in hr since the beginning of the simulation. The second
value is the wind speed in m/s and the third value is direction in deg. The
convention for the input wind direction is 0 deg indicates wind blowing from the
north, and 90 deg indicates wind blowing from the east. Wind speed must be
positive. Conversion to the wind-direction convention given for Equations (2)
and (3) is conducted internally within M2D.
The tidal-constituent forcing file contains nine lines. The first line is a
header that can identify the source of the tidal-constituent information. The
header line is ignored by M2D. Each of the remaining lines contain the local
amplitude (m) and phase (deg) of the water level for a specific tidal constituent.
The constituents specified on lines 2 through 9 are (in order of appearance): M2,
N2, S2, K2, K1, O1, M4, and M6.

Output Files
The two types of output files described are time series of a variable or term
and global variable files. Time-series output files contain a header line followed
by the calculated time-series values. The header specifies the cell numbers above
columns of output. Cell numbers in the header are written as “C#” where #
denotes the cell number. The “C” is placed in the header to distinguish the cell
number from data in plotting packages (software will read the information in as a
character string). Lines following the header contain a time stamp (fractional
days) and values of the variable or term.
Global files can be created for water-surface elevation, velocity, and depth
change. File formats consist of sets of global variable values output at times
specified by the user. Each set of information in the file contains a line with the
time stamp, followed by lines containing the x,y position of each cell followed by
the value of the variable, such as η. For velocity, these lines contain u and v.
The global information is saved for each cell in the grid and written in ascending
order of cell identification number. File extensions of .m2s are applied to scalar
fields and .m2v to vector fields.
Units for time series and global files are standard metric. Water-surface
elevation is given in m and velocity is given in m/s.
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