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SUMMARY

The O-method is a popular semi-implicit finite-difference method for simulating free-surface flows.
Problem stiffness, arising because of the presence of both fast and slow timescale processes, is easily han-
dled by the #-method. In most ocean, coastal, and estuary modeling applications, stiffness is caused by fast
surface gravity wave timescales imposed on slower timescales of baroclinic variability. The method is well

known to be unconditionally stable for shallow water (hydrostatic) models when % < 0 < 1, where 0 is
the implicitness parameter. In this paper, we demonstrate that the method is also unconditionally stable for
nonhydrostatic models, when % < 6 < 1 for both pressure projection and pressure correction methods.
However, the methods result in artificial damping of the barotropic mode. In addition to investigating
stability, we also estimate the form of artificial damping induced by both the free surface and nonhydro-
static pressure solution methods. Finally, this analysis may be used to estimate the damping or growth
associated with a particular wavenumber and the overall order of accuracy of the discretization. Copyright
© 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

The 6-method (“theta”-method) for modeling shallow water flows appeared in [1] and derives its
name from the 6 or implicitness parameter used in the numerical discretization of the free surface.
The benefit of this method is that fast, free-surface gravity waves are discretized semi-implicitly,
where 6 = 0 is a fully explicit discretization and € = 1 is fully implicit. When 6 = 1/2, the method
is the trapezoidal rule or the Crank—Nicolson method [2]. When 1/2 < 6 < 1, the method is uncon-
ditionally stable for the representation of free-surface waves [3] and thus allows large timesteps,
which otherwise must be quite small for an explicit method in finely spaced or deep water portions
of the model domain. Unconditional stability, or A-stability [4], means the numerical solution is
stable for any timestep or that the stability region encompasses the entire left half of the complex
plane [5]. In fact, the trapezoidal method (6 = 0.5) is quite an optimal method as it represents the
A-stable linear multistep method with the smallest truncation error [4].

The 6-method was extended to nonhydrostatic flows in [6]. Several hydrostatic and nonhydro-
static models have adopted this semi-implicit or a purely implicit representation of the free surface
including TRIM [1], POP [7], [8], MITgcm [9], ELCOM [10], [11, 12], UnTRIM [13], [14-18],
SUNTANS [19], [20], SELFE [21], and FVCOM [22], [23,24]. There are other models including
Delft3D [25], which use the alternating-direction implicit method [26] instead of the 8-method. The
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STABILITY AND CONSISTENCY OF THE NONHYDROSTATIC 6-METHOD 551

predecessors of implicit free-surface models are rigid-lid and mode-split formulations, which are
reviewed in [27]. Each approach has numerous advantages and disadvantages. Implicit free-surface
models are more common in nonhydrostatic ocean modeling because all terms in the model
equations may be treated synoptically without the need for subcycling (although mode-split ocean
models such as POM [28] and ROMS [29] have nonhydrostatic solvers in [30] and [31],
respectively). Furthermore, the computational cost of solving a two-dimensional elliptic equation
for the implicit free surface is small relative to the cost of solving a three-dimensional (3D) elliptic
equation for the nonhydrostatic pressure.

In this paper, we investigate the stability of the nonhydrostatic, free-surface 6-method for various
pressure projection methods, including the first-order accurate “pressure projection” method [32,33]
and the second-order accurate “pressure correction” method [34, 35]. The naming convention of
these methods is taken from [36]. In this paper, we show that both methods are unconditionally
stable for linear nonhydrostatic free-surface flows. However, both pressure methods can lead to an
artificial damping of free-surface waves, which is typically more severe for the first-order accurate
pressure projection method. Additionally, we show that the same analysis used to determine the
stability of these methods can also be used to estimate the order of accuracy.

The remainder of this paper is divided into five sections. Section 2 presents the governing equa-
tions and defining characteristics of nonhydrostatic free-surface flows. Section 3 presents common
numerical discretization and solution procedures of the governing equations. Section 4 examines
the stability and consistency of the numerical methods. Section 5 presents numerical simulations of
nonhydrostatic models and illustrates how stability, numerical damping, and order of accuracy are
directly related. Finally, Section 6 presents the conclusions of the methods in this paper.

2. GOVERNING EQUATIONS

The 3D, nonhydrostatic equations of motion under the Boussinesq approximation are given by

d ad d
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where u = [u,v, w]7 is the velocity vector (ug = [u,v]T is the vector of horizontal compo-

nents only), € is the rotation vector, g is the gravity, d is the depth, & is the free-surface height,
r o= % fzh ©’ dz is the baroclinic pressure head, where pg is the constant reference density of
the fluid and p’ is the (spatially varying) deviation from the reference density (0" = p — po), and
v, vz, Kg, and K are the horizontal and vertical viscosities and diffusivities, respectively. The
difference between the nonhydrostatic equation set and the hydrostatic equation set is the presence
of the nonhydrostatic pressure term involving g on the right-hand side of momentum Equation (1).
The normalized nonhydrostatic pressure is given by ¢ = pun/po in the notation following [6], where
Pnh 1s the nonhydrostatic or dynamic pressure due to the vertical momentum or acceleration of the
fluid. Hydrostatic models do not include the nonhydrostatic pressure term and instead approximate
the pressure in the fluid as simply the integrated weight of fluid overhead and ignore the effects of
vertical acceleration.
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552 S. VITOUSEK AND O. B. FRINGER

To understand the behavior of the nonhydrostatic pressure, we examine the nondimensional,
inviscid equation set in the absence of rotation and stratification (i.e., assuming a constant density).
Governing Equations (1)—(3) are nondimensionalized using

/ X / y ’ < ’ { Col
= —, = -, = —, [:—:—,
YT YT 7o T L
L R N L R
U’ U’ W €U’ a’ Ucy’

where € = % is the aspect ratio and c¢g = /gD is the surface gravity wave speed. After ignoring

rotation, viscosity, and stratification, omitting the prime notation, and assuming that all quantities
are dimensionless, Equations (1)—(3) become

311[{
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ot —d
V-u=0, 8)

where we have chosen the first-order balance between unsteadiness and the hydrostatic pressure
gradient, as is typically the case for linear gravity waves, § = F', where § = % and F = 0

To determine the nonhydrostatic behavior analytically, we study Equations (5)—(8) in the lin-
ear limit, F — 0, in two dimensions (x—z) with a constant depth, so that d = 1. The linearized
governing equations thus become

u_ g _oh o
ot ox  Jx
ezaa—’fz—g—z, (10)
%:—%(/judz), (11
g—z+%—l;:0. (12)

Differentiating Equation (9) with respect to x, differentiating Equation (10) with respect to z and
substituting the results into Equation (12) after it has been differentiated with respect to ¢ yield an
elliptic equation for the nonhydrostatic pressure ¢, which is given by

XA A X
dx2  9z2 ox2
We will examine the nonhydrostatic behavior of a free-surface seiche by assuming a one-
dimensional standing wave for the free surface of the form
h = cos(kx) cos(wt), (14)

where k is the horizontal wavenumber or spatial frequency and w is the temporal frequency or
simply frequency. We assume a separable form of the nonhydrostatic pressure, g, where the vertical
variation is represented by the structure function ¢(z). Thus, we can write the nonhydrostatic
pressure as

(13)

q(x,z,t) =¢(2)h(x,t) . (15)
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Substituting Equations (14) and (15) into the elliptic equation for nonhydrostatic pressure (13)
results in an ordinary differential equation for the vertical structure function, which is given by

d*¢

i (ke)>p = (ke)* . (16)
Equation (16) is subject to the boundary conditions
Pp(z=0)=0, L@z=-1)=0, (17
which arise from the dynamic boundary conditions on the nonhydrostatic pressure
q(z=0)=0, %(z=-1)=0. (18)

The solution of Equation (16) with boundary conditions (17) is given by

_ cosh (ke (z +1))

() cosh (ke)

19)

With this form of the vertical structure function, ¢ (z), we can determine solutions to the remaining
dependent variables of interest, which are given by

qg=¢@)h= (COSh (ke(z+ 1) _ 1) cos(kx)cos(wt) , (20)
cosh (ke)

"y %% sin(kx) sin(r) , @1

= 1 sinh (ke (z + 1)) cos(kx) sin(wt) , (22)

"~ ce  cosh (ke)

where the wave speed, ¢, is given by ¢ = w/k and the form of w is determined by the disper-
sion relation, which provides the relationship between the wave frequency and wavenumber. The
dispersion relation can be found by deriving a modified wave equation from Equations (9)—(11).
Differentiating Equation (11) with respect to ¢ and Equation (9) with respect to x after Equation
(15) has been inserted gives

9%h
0r2

where y is defined as the negative of the depth average of the vertical structure function, that is,

02h
(1—)’)ax—2=0, (23)

0
VE—/_1¢(Z)dZ- (24)

We have written Equation (23) with the y term because it becomes important in our analysis of the
stability and consistency of the §-method in this paper. Evaluating the integral in Equation (24) with
the form of the vertical structure function in Equation (19) gives

] tanh(ke)
ke

Examining the limiting cases for y, we see that in the hydrostatic limit, ke — 0, and thus, y — 0.
In the nonhydrostatic limit, ke — oo, and y — 1. Thus, y, which we refer to as the normalized
nonhydrostasy parameter, ranges from O to 1 depending on the degree of nonhydrostasy. The coef-
ficient, 1 — y, in front of the second spatial derivative in Equation (23) is the square of the modified
wave speed, that is,

(25)

., w* __ tanh(ke)
k2 YT ke
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554 S. VITOUSEK AND O. B. FRINGER

Thus, the nonhydrostatic dispersion relation for Equations (9)—(12) is given by
, k
w* = — tanh(ke) , (26)
€

which is the well-known (nondimensional) dispersion relation for free-surface gravity waves [37].
This analysis implies that the magnitude of the nonhydrostatic effects is given by the parameter ke.
Waves that vary slowly in the horizontal on thin aspect ratio domains result in small values of ke and
thus flows that are nearly hydrostatic. Rapidly varying waves on deep aspect ratio domains result in
large values of ke and significant nonhydrostatic effects.

This analysis implies that the effect of the nonhydrostatic pressure, through the integral of the
vertical structure function, is to decrease the speed of the waves. The main characteristic of nonhy-
drostatic processes, in contrast to hydrostatic processes, is variation with depth. We have shown that
the depth variability is given by the vertical structure function ¢(z). This function and its integrated
counterpart, y, play important roles in many physical aspects of nonhydrostatic processes as well as
the analytical and numerical solution of the nonhydrostatic equation set.

3. NUMERICAL APPROXIMATION

The governing Equations, (9)—(12), discretized in two dimensions (x—z) using the #-method on
a staggered grid, where the velocity points are defined at the cell faces and the pressure and free
surface are defined at the cell centers, are given by

n+1 _ pn+1 W _pn qn+1/k2 _qn-]ic-l/Z
+1 - j+1 j Jj+1 j J+1, Jj.
”'}'+1/2,k = Fu'j?+1/2’k —QAIT —(1-0)At Ax — At Ax , 27)
n+1/2 n+1/2
- 149,41 495
+1 _ J.k+1 E
Wikt1/2 = FW kg2 = Al Az ’ (28)
Az Nz
+1 _ +1 +1
h’} =hj— A’E Z [9 (u’}+1/2,k - ”'}‘—1/2,/«) +(1-0) (”’}H/z,k - “?—1/2,1()] ., (29
k=1
+1 +1 +1 +1
”?ﬂ/z,k - ”7’—1/2,k w;,k+1/2 - w;,k—l/z
+ =0, (30)
AXx Az

where j is the horizontal grid point index and k is the vertical grid point index. The “theta” method
derives its name from the 6 or implicitness parameter. The method becomes fully implicit in the
discretization of the free surface when 6 = 1, fully explicit when 8 = 0, and semi-implicit when
0 < 6 < 1. In Equation (29), we have written the integral discretely as ffl udz = Az Z,jcvil u,
where N is the number of (uniformly spaced) grid points in the vertical direction. Here, we
have ignored the free-surface nonlinearity. To include this, we must write the integral discretely

as f_Flh udz = Z,ivil Azru, where the grid spacing in the top layer is a function of the free-surface

height [6]. We do not consider the free-surface nonlinearity because we are primarily interested in
understanding the numerical method for solving the linear nonhydrostatic equations. The numerical
method to include the free-surface nonlinearity is fairly standard as~in [6]. We do, however, include
the advective nonlinearity in our analysis (through the parameter F') to study the numerical effects
of the choice of advection scheme that can vary significantly.

In Equations (27) and (28), F is a finite-difference operator, after [6], that includes the advection
and viscous terms. For example, if the nondimensional advection of momentum and viscous terms
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where included and discretized explicitly, then the operator, presented here in quasi-linear form, is
given by

52 11§
F= l—AtFu()L)—AtF OQ—FAZF——O tF—2—~—O 0, (31)
ox 0z Rex §x2 € Re;z §72
where ug and wy are the effective horizontal and vertical velocities and Rey = :1 and Re; = ffZL

are the horizontal and vertical Reynolds numbers, respectively. We note that the partial derivatives in
Equation (31) with the § symbol represent discrete partial derivatives. In Equation (31), the viscous
terms are discretized explicitly, which creates a timestep restriction based on the viscous Courant
2vp At C — 2vz At
Ax2 Az2

implicitly, particularly in the vertical direction as in [1, 6] to eliminate the timestep restriction asso-
ciated with vertical diffusion. In the analysis in this paper, we only consider the inviscid case and
use the operator F to study the influence of the momentum advection scheme.

In the family of pressure projection or fractional step methods, provisional horizontal velocities,
u* and w*, are computed using a reduced number of terms in the momentum equation given by

numbers C,,, = . Thus, it is often preferable to discretize the viscous terms

n+1 _ n+1 hn _hn qn l/kz anl/z
& j+1 j Jj+1 J J+1 J
W papone = Py = OA =2 — (1= 0) At — —aAr - . (32)

n—1/2 n—1/2
At 9ik+1 495k

6_2 Az
In Equations (32) and (33), the parameter « designates use of the pressure projection method (« = 0)

or the pressure correction method (o = 1).
Later, the final velocities can be calculated with the addition of the nonhydrostatic terms

(@) T = ge)i

= Fu" (33)

*
W;kt1/2 = jk+1/2

n+1

Witk =%jt1/2k Ax ’ 34
+1/2 +1/2

ntl ok At (‘Ic)';,k_;_/l (QC)n / 35

Wikt+12 = Wik+1/27 2 Az ’ (35)

where ¢., the nonhydrostatic correction pressure, enforces the divergence-free constraint on the
velocity field. Substituting final velocities (34) and (35), provisional velocities (32) and (33), into
discrete free-surface Equation (29) gives

2 2 _ 5
Ul eAi; (s = amy ) =y 22080 Afﬁ“ (W =21 + 1)) (36)
N.
AtA7 & -
 Ax Z_: ((1 —0(1-F)) (u?+1/2,k - ”7‘—1/2,k>>
N:

AZ _ _
2 n—1/2 n—1/2 n—1/2
+ abAr Ar? Z (qj+1,k —2q;, "+ qj_l’k)

N
A
+,39At ((qc)']’i}/,f—z(qc)"H/er(qc)'}fll,/kz),

which is a tridiagonal equation (a pentadiagonal equation in 3D) for the free surface at the new
time step, 4”71, Although both projection and correction are second-order accurate in time when
B = 1, Equation (36) is typically solved without the last term (8 = 0) to reduce computational over-
head associated with iterating to solve the nonhydrostatic pressure Poisson equation. When = 0,
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556 S. VITOUSEK AND O. B. FRINGER

the projection is first-order accurate in time, and the correction is second-order accurate in time [38].
Without the iterative procedure (8 = 0), the nonlinear free-surface equation can be inconsistent with
the divergence-free velocity field obtained after the pressure projection step. If this final divergence-
free velocity field is used in passive scalar transport, then the discrete maximum principle can be
violated because of lack of the consistency with continuity property as defined in [39]. Thus to
avoid inconsistency with continuity, either an iterative procedure (8 = 1) or use of the hydrostatic
(provisional) velocities in the scalar transport equation is required.

A discrete Poisson equation can be obtained by substituting the expressions for the
final divergence-free velocities, (34) and (35), into discrete incompressibility Equation (30),
resulting in

(@)1 =270 + @ @it =205 + @
Ax? Az?

2 * _ k k _ k
_6_(“j+1/2,k uj—1/2,k+wj,k+1/2 wj,k—l/z)

62

= 37
At Ax Az 7

Substituting the provisional velocities, (32) and (33), into Equation (37) provides a discrete
representation of Poisson Equation (13), which is given by

62

1/2 1/2 1/2 1/2 1/2 1/2
()" T = 2(ae) 0% + @)1 ) ()t =200 7 + o)) )
Ax? Az2
n—1/2 n—1/2 n—1/2 n—1/2 n—1/2 n—1/2
eij-f-l,k =29 T Tk n Dipt1 — 245 45

o Ax? Az?

n+1/2 n+1/2 n+1/2 n+1/2 n+1/2 n+1/2
Eij+1,k_2qj,k +4; 1k +qj,k+1_2qj,k 45

Ax2 Az2

+1 +1 +1
Y P St A +(1_9)h'}+1_2h7+h}}—1
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where the normalized nonhydrostatic pressure at time step n + 1/2 is given as ¢"t!/? =

qe +1/2 + ag"~'/2. We note that the nonlinear advection of momentum terms does not appear in
Equation (38) because the quasi-linear approximation to F operates on the discrete divergence of
the velocity field at time step n, which is identically zero. This is not the case in fully nonlinear mod-
els or on collocated (nonstaggered) grids as the divergence-free condition is not satisfied discretely
to machine-zero. In such cases, Equation (37) must be used or the nonlinear terms must be included
in the right-hand side of Equation (38).

The numerical solution procedure of the method outlined earlier is as follows:

1. Solve implicit Equation (36) for the free surface at time step 7 + 1.

2. Calculate the provisional velocities, (32) and (33).

3. Solve the elliptic equation for the nonhydrostatic correction pressure using Equation (37) or

(38).

If iteration is required (8 = 1), return to step 1 and repeat until convergence is reached.

5. Calculate the final divergence-free velocities using (34) and (35). Alternatively, the final
horizontal velocity can be computed using (34), and the vertical velocity can be computed
by integrating divergence-free condition (30) from the bottom boundary upward as in [19].

&

We examine the convergence properties of the iterative (8 = 1) nonhydrostatic method in detail in
Appendix D.
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4. PROPERTIES OF THE METHOD

4.1. Stability

To derive the stability properties of the method, we adopt the following vector notation:

T
uz[uj’l,uj’z,...,uj,jvz] 5
T
q=[61j,1,611‘,2’--~,qj,Nz] )

where each vector represents the variables of a column of grid points. In vector form, Equations (27)
and (36) become

u'tl = Fu' — 0A1eGh" ' — (1 —0) AreGh" — AtGoq" /2, (39)

(1= 02APLyy) BT = —AtAze" Dy(1—0(1 — F)u" + (1+ 6 (1 —0) At?Lyy) B™,  (40)
+ afA2Azel Lo q" V% + oA Azel Lo q' /2,

where e = [, 1,...,1]T with N, entries. Gy, Dy, and L, represent the discrete gradient,
divergence, and Laplacian operators, respectively, which are given by

~ 0j+16—0jk

N Ax ’

= Oj+1/24 — 0172k
N Ax ’

Gy

Dy

and Ly, = D,Gy. Defining the depth-averaged velocity as
U= AzeTu,

and after multiplying momentum Equation (39) by Aze”, governing Equations (39) and (40)
become

UMl = FU" —OA1G " — (1 — 0) AtGh" — AtAzel G.q" V2, (41)

(1—602APLyy) " = —AtDx(1—0(1 = F))U" + (1 4+ 60 (1 —0) At> L) h" (42)
+ afA?AzeT Lo q" V2 + BOAL2 Azel Lo q* T2,
where we note that Aze’ e = AzN, = 1. In the following analysis, we investigate stability of the
free surface and depth-averaged flow. Stability of the full (nondepth averaged) flow is demonstrated
in Appendix B.
By assuming periodic solutions in space of the form
U=Upexp(ikx;+ikAx/2),
h=hoexp(ikx;),
q =qoexp(ikx;),

the discrete gradient, divergence, and Laplacian operators can be written as

D, =ik,
Gy =ik,
Lxx = _k/z s
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558 S. VITOUSEK AND O. B. FRINGER

where k' is the modified wave number, k' = 2sin(kAx/2)/Ax, and k> = 2[1 — cos(kAx)]/Ax2.
Substitution into discrete Equations (41) and (42) gives

UMl = FU" —i0k' Ath" —i (1 — 0) k' Ath” — ik’ At AzeT ¢* V2, (43)
(14 02K A2 " = —ik' At(1 = 0(1 = F)U" + (1 =0 (1 —0) (K At)*) h"  (44)
—ab(k'Ar) > Azel ¢ V2 — ,BG(k’At)zAzeTq?H/z .

After assuming a periodic solution for q, the vector form of pressure Poisson Equation (38) is
given by

— (K'e)*q"T 2 —Mq" T2 = (K'e)’e [0h" T + (1 - 0)h"] | (45)
where, after imposing a Dirichlet boundary condition to satisfy ¢ = 0 at z = 0 and a Neumann
boundary condition to satisfy g—g = 0 at z = —1, the tridiagonal matrix M is given by

-3 1
| -2 1
M=— " - . . 46
e R (46)
1 -2

1 -1
The discrete solution for the nonhydrostatic pressure is then given by
Q"2 = [T+ (K'e)>M] e [0 + (1 —0)h"] . 47)

Using the short-hand notation, 4" *% = §h"*! + (1 — #)h™, we can write the discrete solution for
nonhydrostatic pressure in (47) as

qn+l/2 - _ [I + (k/e)—2M]71 ehn+9 ) (48)

Equation (48) is the discrete analogue of the analytical form for the nonhydrostatic pressure,
q = ¢(2)h, given in Equation (15). The discrete structure function is given by

¢ =—[1+Ke>M] e. (49)

The negative depth average of this discrete structure function, which is analogous to the analytical
expression for y (given in Equation (25)), is given by

Y =—AzeT ¢’ = Azel Ce, (50)
where C = [I + (k' e)_zM]_1 and is positive definite. The numerical evaluation )’ has the same
limits as the analytical expression for y, that is, y’ is singly valued and ranges from O to 1, as ke — 0

and ke — oo, respectively. The depth-averaged nonhydrostatic pressure, obtained by multiplying
AzeT by (48), appears in momentum Equation (43) and is thus related to y’ by

AZean+1/2 =—AzeTCeh”+0 :_ylhn-‘r@ . (51)
Additionally, similar terms, Aze’ q"~'/? and Aze”q., appear in Equation (44), which have
equivalent expressions to Equation (51), which are given by

AzeTq" ™' = —y/ (0" + (1= O)n" 1) = —y'h" 07 (52)
AzeTqrcH-l/Z — Azel (qn+l/2 _aqn—l/Z)

_ Az.eTq”+1/2 —u (Azean—l/z)

= —y'h"F0 4y p O (53)
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Substituting Equations (51) into (43) and (52) and (53) into (44) gives (after a great deal of algebra)
U 4+ i(1— )0k’ Ath" ™ = FU" —i(1 —y')(1 — 0)k’ Ath™ (54)

[1+ (1= By)O*(K'At)*|h" T = —ik'At (1-6 (1 - F))U" (55)
+{1-0[1-60)1—By")—ay'0(1 - B)] (K'At)*} h"
+ay' (1—PB)0(1 — ) (k' At)?h" ! .

To analyze the stability of the nonhydrostatic method, we consider momentum Equation (54) and
free-surface Equation (55) in the following matrix form:

r1 i(1—y)0k’ At 0q[um
0 1+1—-By)o*(k'At)? 0 i| h Tl
L O 0 1 h"
r F —i(1—y)( —0)k'At 0 U
—i [1 - 9(1— F)] KAr 1—0[(1—0)(1— By)) —ay'8(1— B)(k'Ar)? ay(1— B)8(1— 0)(k'At)? [ h" }
hnfl
L 0 1 0
(56)
This can be written in compact notation as
AU = A, U7 (57)
or
Ut = AU, (58)
where A is the amplification matrix, A = AJ'A,, U't! = [U"+1,h"+1,h”]T, and U* =
[Um, b, 1]
Similarly, matrix system (58) can be written as
U" =A"U°, (59)

which shows that the powers of the matrix (where »n is the number of timesteps taken) determine the
evolution of the system.

If we write the matrix A in an eigenvalue/eigenvector decomposition as A = XAX™! (provided
the matrix has a complete set of eigenvectors), then matrix system (59) becomes

U" =XA"X'U°. (60)
System (60) can be decoupled by introducing a new variable Z = X~!U as
7" = A"Z0 . (61)

The solution of Equation (61) can be written as

Zp = |Ap|" Zoexp(ingp) (62)
where p is the component index and ¢, = tan™! (111112:1%((115)) ) is the complex phase. In Equation (62),

the magnitude of the eigenvalues controls the amplitude of the solution, and the exponential part
controls the phase or oscillation of the solution. Thus, as suggested by Equation (62), to study the
stability of the solution, we must examine the magnitude of the eigenvalues of the matrix A. The
condition for stability is max(|A|) < 1, where A (without the component subscript) represents all of
the eigenvalues of the stability matrix.

The matrix system given by Equation (56) or (59) is very cumbersome to manipulate analyti-
cally to determine its eigenvalues and thus its stability properties. On the other hand, it is quite easy
to manipulate numerically upon substitution of numerical values for the governing parameters. To
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make this system more tractable, we will examine it in the limit that kK’ At — oo or simply as the
timestep becomes very large. In the other limit, when the timestep becomes very small (k' At — 0),
the matrix system for the linear problem (F = 1.0) becomes

ynt! 10 0 U”
=10 1 0 N (63)
h" 01 0 h=1

which simply states that, as expected, U1 = U™, h"+! = k", and trivially, k" = h".
In the limit that k' Az — oo, the linear matrix system (F = 1) of Equation (56) or (59) becomes

yn+l
pn+l =
hn

0 —By)—(U—y)  —iay'02(1—yNA—BK' A1 —iay'0(1—0)(1—y)(1—Bk At un
9(1_15/{ 0 —(1—=6)1—By")+ay’6(1—p) ay’(1—6)(1—pB) } [ n" }

¥ hn—l

0 6(1—By") 0
(64)
which has eigenvalues
1
Ar=1- 7 (65)
ho=1- L1V (66)
T =gy
1-pB

A =ay’ . 67
3=ay =By (67)

Thus for the system to be stable, |A| < 1, which requires 1/2 < 6 < 1 because y’ ranges from
0 to 1. Therefore, the nonhydrostatic #-method is unconditionally stable for very large timesteps.
Furthermore, if & = 1/2, then A; = —1, which implies that the solution will oscillate between
positive and negative values of its initial condition without damping. When redimensionalized, the
parameter k’ At is proportional to wAt. In fact, k’At = wAt when the problem is well resolved
spatially (kAx — 0). The parameter wAt represents the degree to which a wave period is resolved
by a timestep At. In the typical case, kK’ At ~ wAtr = 1 corresponds to approximately 27 ~ 6
timesteps per period of the fastest wave. In the case of fast free-surface gravity waves, k'Ar < 1
represents the well-resolved case, and k' At > 1 represents the under-resolved case. This under-
resolved case, however, is neither uncommon nor avoidable because often the slower time scales of
baroclinic variability may be the primary interest. Hence, Equations (65)—(67), which are valid in
the limit that k" At — oo, provide useful information.

The matrix system given by Equation (59) is much more tractable for an arbitrary value of k' At
when the problem is linear, F' = 1, and the equations are solved with the pressure projection method
(o = 0) without iteration ( = 0). In this case, the amplification matrix A is a 2 x 2 matrix and is
given by

1 1—-6(1—-0—y)k">At? —i(1—=yHk'At
A= 212 N12 ; 2842 | (68)
1+ 0%2k"? At —ik' At 1—0(1—0)k"*At
where U = [U, h]T . In this case, the eigenvalues of A are given by
102 — Yk A2 £ k'At/02y2k2A12 + 4y’ — 4
Ma=1—- . (69)
2 1+ 602k"2At?
In the hydrostatic limit, y” — 0, and the eigenvalues given in Equation (69) become
1—(1—0)0k"?At? ik’ At
Ao = , 70
12 [T 2k AL (70)
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which is the equivalent expression for the eigenvalues of the stability matrix derived in [3]. For an
arbitrary timestep, the condition for stability requires |11 | < 1, where

k/ZAt2

1+ 62k2A12 " D

[A12| = \/1 + (1 —20)

Thus, stability is obtained when 1—26 < 0 or equivalently 6 > %, which is the well-known condition
for the free-surface 8-method in [3].

Returning to the nonhydrostatic system, we examine the magnitude of the eigenvalues in
Equation (69) when y’ # 0. For small y’, the expression inside the square root of Equation (69)
is negative, and the eigenvalues form complex conjugate roots. In this case, the magnitude of the
eigenvalues is given by

k2 At?
[A12] = \/1+[(1—29)—(1—9)V’]m- (72)
The condition |A; | < 1 then requires
(1-20)—(1-6)y <0, (73)

which is satisfied provided 1/2 < 6 < 1 and y’ = 0, which is indeed the case because the matrix
C in Equation (50) is positive definite. When y’ is large and the expression inside the square root
of Equation (69) is positive, the eigenvalues do not necessarily form complex conjugate roots. In
this case, the expression for the magnitude of the eigenvalues is more complicated; however, the
condition |A; 2| < 1 still holds. These situations are investigated numerically in Section 5.

4.2. Numerical damping and order of accuracy estimates

The stability properties of the numerical method are directly related to the damping (amplitude
error) induced by the method and are governed by the eigenvalues of the system. We can also deter-
mine the order of accuracy of the numerical method by examining the amplitude and phase error
as predicted by the eigenvalues of the stability matrix. If we consider the linear, inviscid equations,
then the amplitude of the waves does not decay or grow, and the true eigenvalues of the equations
of motion are unity in magnitude, that is, |A| = 1. Thus, the amplitude error is given by

Eump=1—|A]". (74)

Likewise, the oscillatory part of the true eigenvalues is given by exp(i wt) or exp(inwAt), where w

is given by the dispersion relation, v = 4/ % tanh (ke¢) or w = k+/1 — y. Thus, the phase error from
one timestep is given by wAt — ¢. The total phase error after n timesteps is given by

Ephase = (a)At - (p)n . (75)

Thus, the order of accuracy (in time) can be determined by examining how the amplitude or
phase error as determined by the eigenvalues increases with Af. The overall order of accuracy
of the numerical method is given by the lessor of the order of accuracy of the amplitude error or
phase error. Numerical experiments comparing the order of accuracy of the numerical model to
Equations (74) and (75) are given in Appendix C.

4.3. Numerical dispersion

The problem of numerical dispersion in the context of nonhydrostatic ocean models was studied in
[40]. They found that for second-order accurate models, the ratio of numerical to physical dispersion
is proportional to the square of the grid lepticity [41], A = Ax/e. For completeness, we consider
numerical dispersion in the context of staggered grid, finite-difference approximations to nonhydro-
static Equations (9)—(12). We note that the primary goal of this paper is to study numerical stability
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and damping (first-order error). Numerical dispersion (second-order error) is a secondary issue in
this paper, both because it is a higher-order effect and because it has been studied extensively
in [40].

To illustrate the appearance of numerical dispersion, we analyze the discrete pressure Poisson
equation, which following from Equation (13), becomes

€?Lyxq+ Lo;q=—ee?Lyih. (76)
Substituting the modified wavenumber, Ly, = —k’ 2 gives
—(K'e)*’q+ Lq=-e(k'e)*h. (77

Similar to the analytical approach derived earlier if we assume a separable form of q = ¢'h, this
equation reduces to

Lo.¢'—(K'e)*¢' =e(k'e)*, (78)

which is the discrete analogue of the ordinary differential equation in Equation (16).
If we assume that we can do the vertical integration exactly, then this becomes

,_ cosh(K’e(z + 1)

cosh(k’e) 79

which is the analogue of Equation (19), and thus, the normalized nonhydrostasy parameter j’
becomes

tanh(k’¢)
k'e
which is analogous to Equation (25). Thus, the discrete wave equation, following Equation (23),
after substituting the modified wavenumber becomes

Yy =1 (80)

9%h

m-i‘(]—y/)k/zh:(), (81)
which can be written as

9%h
where

k/2 1— )//
~2
- . 83

Equation (82) is a simple harmonic oscillator equation that has solution 4 = hg exp(i @t), where
@2 = 52(1 — y)k?. This equation can be written in terms of the wave speed as follows:

FZ=%/k*=5%1-vy). (84)

Comparing this with the true wave speed ¢> = 1 — y, we see that the quantity 1 — G represents the
relative error in the wave speed due to the horizontal discretization alone (as the influence of the
vertical and time discretization were ignored). The error term can be written as

sin (%ke) ke tanh (% sin (%ke))

0=—= = , (85)
A tanh(ke 2 o (A
Ske (ke) 7 sin Eke
where
k  sin (’%ke)
—=— (86)
Eké
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and

1—y" tanh(k'e)/(K'e) ke tanh (% sin (%kg))

= = 7 (87)
1—y tanh(ke)/(ke)  tanh(ke) % sin (%/“)

If we ignore the error induced by the solution of the nonhydrostatic Poisson equation and assume

that the dispersive error is only due to the misrepresentation of gradient due to the finite-difference
. . ~ / ~ ~

approximation, then y’ =y and 6 = % Thus, ¢ = £06 /1 — y becomes

sin (%kf) ’ tanh(ke)

c== =
A k
EkG €

(88)

Expanding sin (%ke) and tanh(k¢) in Taylor series, then Equation (88), to lowest order, becomes

ke)2
extf1-an % (89)
where I' = % is the ratio of numerical to physical dispersion to lowest order. As I' — 0, then

Equation (89) approaches the first two terms in the Taylor series expansion of ¢ =
=+ /tanh(ke€)/(ke). The result that the ratio of numerical to physical dispersion, to lowest order,
is proportional to the grid lepticity squared for second-order accurate models was reported in [40],
and the present analysis supports that finding. In summary, we have shown the appearance of numer-
ical dispersion arising from the inability to resolve horizontal gradients in the finite-difference
approximation. The other sources of error in the model include the vertical discretization and time
discretization. However, in general, ensuring that the grid lepticity is small is the primary means of
reducing numerical dispersion.

5. NUMERICAL EXPERIMENTS

We present numerical simulations of the hydrostatic and nonhydrostatic #-methods to verify the
theoretical properties derived in the previous section including consistency, stability, and numer-
ical damping. Appendices A and C contain supporting numerical experiments on mode-specific
damping and order of accuracy, respectively. Summary of the parameters used in each numerical
experiment and corresponding figure is given in Table I. We begin by verifying in Section 5.1 that
the hydrostatic and nonhydrostatic simulations behave according to theory.

5.1. Nonhydrostatic dispersion

In Figure 1, we compare the modeled free-surface height and the horizontal and vertical veloc-
ity profiles of a free-surface seiche in an enclosed basin to the analytical solutions given in
Equations (14), (21), and (22), respectively, at nondimensional time ¢t = T/8, where T = 2L/c
is the nondimensional period of the seiche. This simulation is performed with parameters given in
Table I. Figure 1 displays the nonhydrostatic pressure g and the velocity vectors in panel (B). As
seen in this panel, the influence of the free-surface wave decays quickly with depth. The nonhy-
drostatic pressure, as shown in panel (B), acts to cancel the added hydrostatic pressure due to the
free-surface wave (shown in panel (A)). Thus, at depth beyond the influence of the surface wave,
the total pressure is given by the still-water hydrostatic pressure. As shown in Figure 1(C) and (D),
the modeled velocities agree with the analytical solutions.

Next we compare the speed of modeled free-surface seiche oscillations to the analytical wave
speed following the test case given in [19]. The nondimensional nonhydrostatic wave speed given

by dispersion relation (26) is ¢, = +/tanh(ke)/(ke) = /1 —y, whereas the hydrostatic wave
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Figure 1. Modeled free-surface height (A), horizontal (C), and vertical velocity profiles (D) of a seiche
compared to the analytical solutions, which are given by Equations (14), (21), and (22), respectively, at time
t = T/8. The nonhydrostatic pressure, ¢, and velocity vectors are plotted in (B).

speed is ¢, = 1. As the waves become more nonhydrostatic (as ke — 00), the deep water wave
speed becomes

I tanh(ke) 1
Cqg = 1m = .
a ke—o0 ke Vke

Thus, the nonhydrostatic and hydrostatic wave speeds normalized by the deep water wave
speed become

(90)

oh _ y/tanh(ke) (C2Y)
Cq
and
Ch
Cd

= Vke, 92)

respectively. Figure 2 compares these theoretical relationships to the model behavior of oscil-
lating free-surface seiche waves in an enclosed basin. The test case is performed with parame-
ters given in Table I for various degrees of nonhydrostasy ¢ = 0.02,0.05,0.1,0.175,0.27,0.38,
0.5,0.65,0.8, 1.0, 1.2. These simulations are performed for the projection and correction methods,
with and without iteration. The free surface is initialized with sy = cos(kx), and the analytical
solution is given by & = cos(kx) cos(wt), where the wavenumber is given by k = /L and the
wave frequency, ® = 2m/T, is given by the dispersion relation. The modeled wave speeds are
determined by estimating the period of oscillation, Tiyogeled, from the simulation start time to the
time of the next maximum in the free surface at x = 0 and then calculating the wave speed on the
basis of Cinodeled = @modeled/ k. The modeled wave speeds agree with the theoretical relationships for
each pressure method as shown in Figure 2, indicating that the model achieves the correct disper-
sive behavior. When the nonhydrostasy parameter ke is small, the hydrostatic and nonhydrostatic
models are similar. However, when there is an appreciable degree of nonhydrostasy, the hydrostatic
model overpredicts the true wave speed. We note that all of the nonhydrostatic methods produce
accurate dispersion relations for the fundamental mode, which is why the results in Figure 2 for the
nonhydrostatic methods are almost identical.
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cley

— nonhydrostatic theory
0.6 — hydrostatic theory
+ hydrostatic model

0.4 x nonhydrostatic model (o=0, f=0) ]|
O nonhydrostatic model (0:=0, =1)

0.2 <& nonhydrostatic model (=1, $=0) []
O nonhydrostatic model (a=1, B=1)

0 05 1 15 2 25 3 35 4

ke

Figure 2. The modeled and theoretical hydrostatic and nonhydrostatic wave speeds normalized by the deep

water wave speed as a function of ke. The curves representing the nonhydrostatic and hydrostatic theories
are given by Equations (91) and (92), respectively.
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Figure 3. The wave speed error ¢ — ¢ caused by numerical dispersion in hydrostatic (A) and nonhydrostatic

models (B) as a function of nonhydrostasy parameter ke and grid lepticity A = Ax /€. The white portion of
this figure represents the region in wavenumber space that does not exist on a discrete grid of size Ax, that
is, (k€)max = % Dispersive error in the hydrostatic model is persistent at high wavenumbers for all values

of Ax or lepticity. On the other hand, the wave speed error in the nonhydrostatic model decreases rapidly
when A < 1. The white line represents the 5% error contour.

Figure 3 shows the wave speed error caused by numerical dispersion for the hydrostatic and
nonhydrostatic models as a function of nonhydrostasy parameter ke and grid lepticity A = Ax/e.
Panel (A) of Figure 3 shows the wave speed error for the hydrostatic model, which is given by

Ch — Eh =1- 5—}15 (93)
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where ¢}, = 0y, is modeled shallow water wave speed and 6y, = ]%, which is given by Equation (86).
Likewise, Panel (B) shows the wave speed error for the nonhydrostatic model, which is given by

Can — Con = (1 = Gwn) V1=, (94)

where ¢y, = Gnna/1 — v is the modeled nonhydrostatic wave speed and 6,,;, = &, which is given by
Equation (85). The white portion of the figure represents the region in wavenumber space that does
not exist on a discrete grid of size Ax, that is, (k€)max = % In the hydrostatic case, the dispersion
is purely numerical, and thus, dispersive errors exist at high wavenumbers for all values of Ax
(or lepticity). However, in the nonhydrostatic model, the wave speed error decreases rapidly when
A < 1 because the amount of numerical dispersion becomes small relative to the physical dispersion
as A decreases.

5.2. Stability

As shown in Section 4.2, the cost of stability of the #-method is artificial damping of the free sur-
face. We showed that artificial damping is related to the magnitude of the eigenvalues of the stability
matrix that are functions of the implicitness parameter, 6, and the normalized nonhydrostasy param-
eter, y’. Here, we verify with numerical experiments that the envelope of the numerical solution is
governed by the eigenvalues.

Figure 4 shows the free-surface height at the left wall (x = 0) as a function of time normal-
ized by the wave period. For certain parameters, the amplitude decays as the simulation progresses.
As shown in Figure 4, the numerical damping is greatest when 6 = 1. However, when 6 = 0.5,
numerical damping occurs for the projection method without iteration (¢ = 0, 8 = 0). This is due

—o— hydrostatic model

—————— Iu" (hydrostatic)

—0— nonhydro. model (0:=0, B=0)
= = = " (=0, p=0)

——o— nonhydro. model (a=1, f=0)

ffffff A" (o=1, B=0)

Figure 4. The free-surface height at the left wall (x = 0) computed by hydrostatic and nonhydrostatic
models as a function of time normalized by the wave period. Panels (A), (B), and (C) show simulations for
0 = 0.5, 6 = 0.55, and 6 = 1.0, respectively. Panel (A) illustrates the numerical damping of the nonhy-
drostatic model with the pressure projection method (o = 0). Note that there is no damping associated with
the hydrostatic 6-method when 6 = 0.5. The numerical damping in part (A) associated with the pressure
correction method (¢ = 1) and iteration methods (8 = 1) is minimal. Panels (B) and (C) show significant
damping associated with the free-surface solution procedure when € > 0.5. This damping is only slightly
increased for the nonhydrostatic model with the pressure projection method (o = 0). This figure also shows
that the amplitude envelope of the numerical solution follows |A|".
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to the first-order accuracy of the projection method. Use of pressure correction or iteration reduces
or eliminates the damping when 6 = 0.5. Figure 4 also shows that the damping error is directly
related to the eigenvalues or more specifically |A|" as indicated by Equation (62). We see that the
envelope of the solution follows the curve given by A" = |A|"h¢, indicating that the model behaves
as theoretically predicted regarding the decay rate and the magnitude of the eigenvalues. In general,
the envelope of the numerical solution does not follow U” = A”U° exactly. Instead, the envelope
is given by Equation (60), which involves the eigenvectors of the stability matrix. However, for
this particular system, the expression A” is very close to XA”X ™!, which is a consequence of the
form of the eigenvalues and eigenvectors. Thus, we can approximate the amplitude envelope of the
solution well with A" = |A|"hg or U" = |A|"Uj.

In Section 4.1, we demonstrated the unconditional stability of the linear nonhydrostatic method
with pressure projection under certain conditions. Here, we demonstrate stability of the other cases
by numerically evaluating the eigenvalues of the stability matrix, A, for both the pressure projection
(o = 0) and pressure correction (¢ = 1) methods with (8 = 0) and without (8 = 1) iteration. Recall
that the stability condition is max(|A(A)|) < 1, where A(A) are the eigenvalues of A. Figure 5 shows
the magnitude of the eigenvalues for the various pressure methods as a function of 6 and y’ for a
nominal value of kX’ At = 1. In this figure, we only show the magnitude of the two largest eigenval-
ues, |[A1] and |A2]|. The smallest eigenvalue of the stability matrix given in Equation (59), A3, is in
general very close to zero and thus omitted from this analysis. The figure shows that the magnitude
of the eigenvalues is less than 1 for all values of ¥’ when 6 = 0.5. The solid line in Figure 5 is the
|A] = 1 contour, which does not cross into the region where 6 > 0.5 for any of the methods. There-
fore, the stability of all methods is dictated by the same requirement as the hydrostatic theta-method,
that is, @ > 0.5. The stability properties of projection and correction are very similar when iteration
is used (B = 1), as indicated by the similarity of rows (B) and (D) in Figure 5. In fact, the critical
value (neutrally stable value) of 6 for stability is very close to 8 = 0.5 for all values of ¥’ when
B = 1. Without iteration (8 = 0), the critical value of 8 is smaller for projection (Figure 5(A)) than
it is for correction (Figure 5(B)) for a given value of y’, owing to the larger damping of projection
over correction and of both methods over the hydrostatic 6-method. In contrast to the behavior when
0 < 0.5, increasing y’ when 6 > 0.5 leads to larger eigenvalues and less damping for increasing
values of y’ because |A| — 1 as y’ — 1 for correction and both iterative methods. However, when
projection is used, damping is not monotonic with Y’ when 6 > 0.5 as seen in panel (A). Instead,
there exists a value of y’ in this region that maximizes the damping for A; for a fixed value of 0,
whereas A, exhibits the most damping only when y” = 1. We will discuss the consequences of this
behavior later in this section. Figure 5 presents strong evidence of the stability of the nonhydrostatic
6-method. In what follows, we demonstrate that the method is stable for all values of k' At (because
Figure 5 only shows k’Ar = 1).

Figure 6 shows the magnitude of the eigenvalues of the stability matrix, A, compared with the
damping value of the fundamental mode (longest wavelength wave) extracted from the numerical
experiments. This value is determined from an exponential fit to the periodic maxima of 4(x = 0,1).
The eigenvalues of the stability matrix and the damping values from the model agree very well. The
slight differences are attributable to the skill of the exponential fit to the maxima of h(x = 0,1¢),
which results in small errors on the damping values extracted from the model. Figure 6 shows that
the damping for the projection method (o = 0) is generally larger than the damping for the correc-
tion method («¢ = 1) because of the higher accuracy of the correction method. The theoretical and
modeled eigenvalues also approach the theoretical limits of the maximum eigenvalue as k' At — 00,
which is given in Equation (65). As shown in Figure 6, the damping of the nonhydrostatic models
is largest roughly at k' At = 4. At present, we have no explanation for this minimum, although the
behavior is consistent with the limits given in Equations (65)—(67).

The analysis presented in Figure 6 is valid for the damping of the fundamental mode; however,
it is informative to analyze the numerically induced damping as a function of wavenumber. The
eigenvalues of the stability matrix depend on wavenumber because y’ is a function of wavenumber.
As wavenumber increases, ' — 1, and as mentioned earlier, this corresponds to eigenvalues that
are close to unity in magnitude as shown in Figure 5. Furthermore, in this case, the eigenvalues of
the stability matrix are nearly independent of 6. To illustrate the effects of the grid resolution on
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Figure 5. The eigenvalues of the pressure projection (¢ = 0; panels (A) and (B)) and pressure correction
(o = 1; panels (C) and (D)) methods with (8 = 1; panels (B) and (D)) and without (8 = 0; panels (A) and
(O)) iteration as a function of 6 and y’ for k’ At = 1. The solid line indicates |A| = 1.

the damping, the maximum eigenvalue as a function of kAx is shown in Figure 7. We note that
2 T

the maximum wavenumber on a discrete grid is k. = 5Ax = Ay and thus, (kAX)max = 7. We
also note that the curves shown in Figure 7 are symmetric about the y-axis, meaning this behavior
holds both for positive and negative wavenumbers (i.e., right-going and left-going waves, respec-
tively), and thus in Figure 7, we show only the positive wavenumbers. The parameters leading to
the eigenvalues presented in this figure are identical to the simulations presented in Figure 6, with
kAt = 1,10, 100. Figure 7 shows that when 6§ = 0.5, the nonhydrostatic methods induce more

damping for low wavenumber modes than for high wavenumber modes. Furthermore, the damping
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Figure 6. Damping of the fundamental mode induced by the #-method as compared with the theoretical
limit as k" At — oo. The left panels, (A), (C), and (E), illustrate the numerical damping for models with
implicitness parameter 6 = 0.5, whereas the right panels, (B), (D), and (F), illustrate the numerical damping
for models with implicitness parameter 6 = 0.55. Panels (A) and (B) illustrate the results of the hydro-
static model. Panels (C) and (D) illustrate the results of the nonhydrostatic model for the pressure projection
method without iteration (¢ = 0, 8 = 0). Panels (E) and (F) illustrate the results of the nonhydrostatic model
for the pressure correction method without iteration (¢ = 1, § = 0). The damping in all models approaches
the limits for large k’ At given by Equation (65).

for the pressure projection method is generally larger than the correction method. In contrast to the
nonhydrostatic methods, the hydrostatic method is undamped for all modes when 6 = 0.5. How-
ever, when 6 = 0.55, the hydrostatic method induces approximately constant damping value for all
modes. Comparatively, the damping induced by the nonhydrostatic methods, although similar to the
hydrostatic method at low wavenumbers, is significantly reduced for high wavenumbers. In fact, the
damping associated with high wavenumbers is quite minimal for any value of 6 or k' At. This is
quite a significant difference between the nonhydrostatic and hydrostatic behavior of the 8-method.
We interpret the physical reason for the differences in damping behavior to be the treatment of the
wave speed of each mode. In the nonhydrostatic models, the dispersion or variation in wave speed
with wavenumber is directly computed; thus, waves with shorter wavelength travel more slowly
as they should. These slower waves are thereby better resolved by the fixed timestep, and thus,
the damping is reduced. The speed of the hydrostatic waves, on the other hand, is independent
of wavenumber, and thus, all wavelength waves are resolved in time in a roughly similar manner.
This results in a consistent damping value for each mode. We present an example of mode-specific
damping in Appendix A.

To demonstrate the possible effects of momentum advection, Figure 8 shows the two largest
eigenvalues of the stability matrix when k’At = 1 and F = 1.0 — 0.2{, where the added imagi-
nary component (—ik’ At Fug = —i Fuy = —0.2i) is due to the linearized scheme for advection of
momentum in Equation (31) and we ignore the contribution of the vertical advection of momentum
term. The added term will be purely imaginary (as earlier) when a central differencing scheme for
advection of momentum is used. The magnitude of this additional term (Fuo = 0.2) is chosen to
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Figure 7. Damping induced by the #-method as a function of kK Ax. The left panels, (A), (C), and (E), illus-
trate the numerical damping of each mode for models with implicitness parameter 6 = 0.5, whereas the right
panels, (B), (D), and (F), illustrate the numerical damping for models with implicitness parameter § = 0.55.
Panels (A) and (B) illustrate the results of the models when k’ At = 1. Panels (C) and (D) illustrate the results
of the models when kK’ At = 10. Panels (E) and (F) illustrate the results of the models when k’ At = 100.

represent the nominal case where the magnitude of the nonlinear term is approximately 20% of the
linear term. As shown in Figure 8, the eigenvalues of the stability matrix A can be greater than unity
for both the projection and correction methods, although the method is more unstable for the correc-
tion method. As mentioned earlier, the damping induced by the nonhydrostatic #-method is minimal
for high wavenumbers (with y’ & 1). Thus, any additional destabilizing term (such as momentum
advection) may lead to high wavenumber instability because these wavenumbers are already close to
the neutrally stable point where |A| = 1. This case is shown in Figure 8 where the high wavenumber
modes (y’ & 1) are unstable for any value of 6.

The analysis in Figure 8 informs the practice of discretizing momentum advection with a method
that is unstable in the inviscid limit. Examples of this are the use of central differencing or
QUICK scheme [42] in space and second-order Adams—Bashforth in time (used in [19, 43, 44],
among others). In this case, the nonlinear, nonhydrostatic problem will generally experience high
wavenumber instability in the inviscid limit regardless of the value of 6. These methods become sta-
ble when viscosity or some form of damping is added; however, the amount of viscosity or damping
required to obtain stability is usually unknown a priori and is often tuned until the model is stable,
which can possibly lead to an overly diffusive solution. This suggests the use of a time advance-
ment scheme that is stable in the inviscid limit such as AB3 or Runge—Kutta methods (third order
and higher). When these schemes are used, the stability requirements will be governed only by the
advective Courant numbers.

The more common approach to discretizing advection of momentum is using an upwind,
Eularian-Lagrangian method (ELM) or TVD scheme. These methods inherently induce some
numerical viscosity/damping, and thus, they are stable when discretized with forward Euler time
stepping. The classical method for advection of momentum used in combination with the #-method
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Figure 8. The eigenvalues of the pressure projection (¢ = 0; top row (A)) apd correction (¢ = 1; bottom
row (B)) methods without iteration (8 = 0) as a function of 6 and y” when F = 1.0 —0.2{ and kK’At = 1,
which represents using central differencing for advection of momentum. The solid line indicates |A| = 1.

is ELM [1] because of its unconditional stability. In one-dimensional, when the Courant number
C < 1, then the ELM method is identical to the upwind method as is given numerically as

Wil == O+ Cujys s ©3)

n
when Wil

H n
points u” .,

modified wavenumber analysis, the form of the operator F based on this method is given as

> 0. This method is simply a linear interpolation of the velocity between the grid
and u;?_l /2 at the traceback location of the advective velocity characteristic. By using

F=1—-C(l—cos(kAx) +isin(kAx)) . (96)

To study the numerical damping associated with the upwind/ELM method, we perform the same
eigenvalue analysis as in Figure 8 but with F = 0.8 —0.2i. This F parameter is determined
from using a L = 4Ax wavelength wave ((kAx) = 7/2) and a Courant number of C = 0.2 in
Equation (96). This value F = 0.8 — 0.2/ is comparable with the case shown in Figure 8 but with
Re (F ) = 0.8 instead of Re (F ) = 1.0. This subtle difference between the upwind/ELM method and
the central differencing method is responsible for stability of the upwind/ELM method and the cost
of additional damping. As shown in Figure 9, the |A| = 1 contour is entirely in the left half-plane
where 6 < 0.5. Thus even when 6 = 0.5, |A| < 1, and there is damping associated with the method.

We conclude this section with a brief discussion on the implications of wavenumber specific
damping in realistic simulations. For most tidal modeling applications, damping of high
wavenumber waves will not present a serious detriment to achieving realistic simulations. Instead,
proper treatment of long, low wavenumber waves is vital. However, for applications in modeling
bores, fronts, or internal waves, proper representation of steep gradients and thus representation of
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Figure 9. The eigenvalues of the pressure projection (¢ = 0; top row (A)) and correction (o = 1; bottom
row (B)) methods without iteration (8 = 0) as a function of # and y” when F = 0.8 — 0.2i and k’Ar =1,

which represents using upwind differencing or EularianﬁLagrangian method for advection of momentum.
The solid line indicates |A| = 1.

high wavenumbers become important. To summarize the results presented in this section, modelers
seeking to minimize damping of high wavenumbers should:

1. Use high-resolution or centered advection schemes with appropriate time stepping for stability.

2. Use 8 = 0.5 because it induces no damping at any wavenumber for the hydrostatic method.

3. When nonhydrostatic simulations are necessary, use the second-order accurate pressure correc-
tion method instead of the first-order accurate pressure projection method because the former
induces significantly less damping.

4. When affordable, use iterative nonhydrostatic pressure solution methods, = 1, because they
induce no damping for all wavenumbers for the linear, inviscid equations.

5. Be mindful of how the timestep may influence damping. As shown in Figure 6, the maximum
damping rate is found at approximately k'’ At = 4. However, generally speaking, decreasing
the timestep should reduce the damping.

6. CONCLUSIONS

We have shown that linear, inviscid, nonhydrostatic free-surface models using the semi-implicit
6-method are unconditionally stable for surface gravity waves when 6 > 1/2. This implies that the
overall stability requirements of a nonlinear, nonhydrostatic model reduce to the stability require-
ments of advection of momentum or explicit treatment of viscous terms and not the discretization of

Copyright © 2012 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2013; 72:550-582
DOI: 10.1002/fld



574 S. VITOUSEK AND O. B. FRINGER

the nonhydrostatic pressure. Therefore, there is no timestep restriction associated with computing
the nonhydrostatic pressure. However, the nonhydrostatic methods can give rise to artificial damp-
ing of the free surface. For nonhydrostatic models using the first-order accurate pressure projection
method, the low wavenumber modes of the free surface are damped even when 6 = 0.5. Alter-
natively, using the second-order accurate pressure correction method induces much less damping.
The hydrostatic 6-method damps all wavenumber waves at roughly the same rate when 6 > 0.5.
However, damping of high wavenumber modes of the nonhydrostatic 8-method is significantly
reduced compared with the damping induced by the hydrostatic model.

APPENDIX A: WAVENUMBER DEPENDENT DAMPING

In this analysis, we verify that the theoretical behavior for wavenumber dependent damping shown
in Figure 7 holds in numerical experiments. Figure A.l demonstrates wavenumber dependent
damping of a nonhydrostatic simulation with a stable # = 0.5 and with C = 20 and k’Ar = 1.
In this case, all of the modes are stable (amplification factor: ¢ < 1) and hence are damped
in time, albeit at different rates. The initial condition for this numerical experiment is hy =
0.25cos(k1x)+1cos(kax)+0.5cos(k3x)+0.75 cos(k4x). These wavenumbers (k1, ko, k3, k4) are
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Figure A.1. The numerical damping of the various wave modes over the course of a stable nonhydrostatic
(¢ =1, B = 0) simulation with 6 = 0.5. Panel (A) shows the initial condition compared with the numerical
solution at t/T = 60. Panel (B) shows the magnitude of the Fourier coefficients of the initial condition
and final numerical solution at time /7 = 60 in panel (A) as a function of kAx. Panel (D) shows the
amplification factor (the maximum eigenvalue) of the stability matrix for this system as a function of kAx.
Panel (C) shows the comparison of the Fourier amplitudes of the fundamental, 2Ax (wavelength), kAx = 1,
and kAx = 2 waves as compared with the expressions 0.25(a1)"/ 2%, 1 x 10717 (62)"/ A1, 0.5(03)!/ A%, and

0.75 x 10710(54)?/ A1 respectively, which are derived from the amplification factors in panel (D).
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chosen so that the smallest and the largest kAx waves (ky = n/L and k, = 7/ Ax, respectively)
are investigated as well as waves with k3Ax = 1 and k4Ax = 2. The amplitudes are chosen for
plotting purposes. In Figure A.1(B), the Fourier coefficients of the initial condition and modeled
solution at time ¢/ T = 60 are plotted against kK Ax. We extract the Fourier coefficients correspond-
ing to wavenumbers ki, ko, k3, and k4, respectively, at each timestep of the model to determine
their damping rate throughout the simulation.¥ We also determine their approximate amplifica-
tion/damping factor analytically (i.e., 01, 02, 03, and 04) from the maximum (in absolute value)
of the eigenvalues of the stability matrix. Figure A.1(D) shows the amplification/damping factor as
a function of wavenumber derived from the eigenvalue analysis. Thus, we can compare the damping
predicted by the theoretically derived amplification factor to that of the local maxima of the extracted
Fourier amplitudes over the course of this simulation. This comparison is shown in Figure A.1(C),
which demonstrates that the damping of the waves in the model can be reproduced using the simple
expressions 1(07)"/2%, 1 x 10717 (0,)!/2%, 1(03)!/ 2%, and 1 x 10710 (g4)"/ 21,

APPENDIX B: STABILITY OF THE VELOCITY PERTURBATION

In the preceding sections, the depth-averaged velocity, U, and the free-surface height, /1, are demon-
strated to be unconditionally stable when discretized using the 6-method. In this appendix, we show
that the velocity perturbation, the deviation from the depth-averaged velocity, u’ = u — U, cannot
increase without bound and is thus also unconditionally stable.

The depth-averaged velocity following Equation (43) is given as

UMl =U" —i0k'Ath"T —i (1 — 0)k'Ath" — ik’ At AzeT " HV/2 (B.1)

where we assume that the problem is linear, F = 1. Likewise, the full (nondepth-averaged velocity)
is given as

w'tl =u" — 0k’ Ath" e —i (1—0) k' Ath"e — ik’ Arq" /2. (B.2)

Subtracting e times Equation (B.1) from Equation (B.2), we obtain an expression for the velocity
perturbation, which is given as

W) = )" —ik'Ar (Azee” —T)q"tV/?, (B.3)

where u' = u — Ue. Substituting Equation (47) for the nonhydrostatic pressure, q”*'/2, into
Equation (B.3) , the velocity perturbation can be written as

)"t = )" —ik’At (0h" T + (1 —6)h") Be, (B.4)
where
_ -1
B=(Azee! —1) (I+ (K'e) *M)) = (azee” ~1)C, (B.5)
and thus,
Be = Azeel Ce— Ce
=e(Azel Ce)—Ce
=y'e—Ce
— 7//e + ¢/ ,
where ¢’ = —Ce is the discrete structure function given in Equation (49).

#We note that because the solution is a standing wave, the amplitude of the Fourier coefficients will oscillate throughout
the course of the simulation; thus, it is necessary to analyze only the local maxima of the Fourier amplitudes in time.
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The norm of Equation (B.4) is given as
)" = [|W)" —ik" At (0" 4 (1 - 6)h")Be]|
<) + || — ik’ At (@h" T + (1 — 6)h"™)Be]|
< J@)"|| + ik At (OR" ! + (1 - 0)h™)| || Be|
< |1)"]] + kql[Be|| , (B.6)

where k, = |ik’ At(6h"+! 4 (1 — @)h™)|. The recurrence relation, Equation (B.6), can be written
in terms of the initial velocity perturbation, (u)?, and the initial free-surface height, 4° , as

)" < [1@)°]| = [[Bel| Y kp . (B.7)

p=0

In the previous sections, we showed that the evolution of the free-surface height can be expressed
as h? = a?h°, where o is the amplification factor and |o| < 1. Substituting this expression for 7?
into the expression for k, gives

kp=li(k'At) (0o?'h® + (1—60)a”h°) |
= |i(k'At) (Boa?h® + (1 —0)0?h°) |
= |i(k'At)(1 + O — 0)h°| |oP]
=c1|o?], (B.8)

where ¢y = |i (k'At)(1 + 0o — 0)h°|. Thus, Equation (B.7) can be written as

n
1)1 < 1@ + 1 [1Bel| S o7 . (B.9)
p=0
The summation Z;ZO |o?| in Equation (B.9) converges because |o| < 1. Thus, we can write the
perturbation velocity at time oo as

||| < [|()°]] + c2Bel, (B.10)

where ¢, = ¢ Z;ozo |o?|. Because the summation in the expression for c¢;, the initial velocity
perturbation ||(u')°||, and ||Be|| are finite, then the norm of the perturbation velocity at any time
step is bounded and thus the full velocity (u = u’ + U) is unconditionally stable when discretized
with the 8-method when 6 = 0.5.

APPENDIX C: ORDER OF ACCURACY ESTIMATES

In this appendix, we follow the order of accuracy analysis presented in [38], which is extended to
include an examination of the convergence behavior of the iterative method (8 = 1). We determine
the order of accuracy of the discrete form of governing Equations (27) and (29), which are given by

un-i-l —u"

IE —0eG h" T — (1 —0) eGh" — Goq" T2 —aG,q" V2, (C.1)

hn+1 —h"

At
Here, we only consider error of the nonhydrostatic free-surface method (i.e., we ignore the effects
of advection, diffusion, or other terms). Following the solution procedure given in Section 3,

Equations (C.1) and (C.2) can be split into the hydrostatic predictor and nonhydrostatic corrector
parts as

=—0AzDeTu"t — (1 —0)AzD el u". (C.2)

* _ N

At

4 — —0eGh* — (1 —60)eGeh" —aGoq" V2, (C.3)
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h* — pn

Y —0AzDeTu* — (1 —0)AzD el u", (C.4)
and
n+1 _ %
u ~ u -G qn-‘rl/Z (CS)
hn+1 _ h*
——= BOALAZL e q*t1/2, (C.6)
respectively. Equations (C.5) and (C.6) can be rearranged as
u =u"t 4 ArG T2 (C.7)
h* ="t — BOAL2 Az L, el Y2, (C.8)

Substituting Equations (C.7) and (C.8) into Equations (C.3) and (C.4), we obtain

lln+1 n

—u
——= —0eG, " — (1 —0) G h" — G q" V2 + B2 Ar2 AzeGy Loel *11/2 | (C9)
hn-‘r—l —h"
— = —0AzDeTu" T — (1 —0)AzDeTu" — (1 — B)OAIAzL el q"TV/2. (C.10)
Substituting
n1/2 _ n /2 g qn=1/2 = Q"2 2 = Ataq +O(A1?), ifa=1
q =q n+1/2, oy —
q ifa =0
= (At— + (’)(Atz)) +(1—a)g"t/? (C.11)
into Equations (C.9) and (C.10) gives
un-i-l —u”
o= —0eGh" T — (1 —0) eGh" — Gq" /2 (C.12)
3
+ (1 —@)B6? AP AZeGy Luxe” q"71/2 + a2 At AzeGy Luxe” o1 + 0O (Ar)
= —0eGh" — (1 —0)eGh" — Goq"T1/?
+B[(1 =)0 (AF?) + 2O (AL?) + O (AtY)],
hn+1 —h"
= —0AzDeT "™ — (1 —0)AzDeTu" (C.13)
n+1/2

—(1=a)(1=P)0At Az L rel "2 —a(1—-B)OAI? Az Ly el

3
o +0 (A7)

=—0AzDeTu"™ — (1 -0)AzDeTu"
—(1-B)[(1 —a)O(AL) + O (Ar?) + O (ALP)].

Thus, we see that the nonhydrostatic projection method induces an error of O(At) in free-surface
Equation (C.13) when ¢ = 0 and 8 = 0. When @ = 1 or 8 = 1, then the method becomes at least
second-order accurate. We note that the aforementioned analysis only considers the error induced
by the nonhydrostatic projection part of the method. As discussed in [3], the (hydrostatic portion)
of the 8-method for the free surface is second-order accurate when 6 = 0.5 and first-order accurate
otherwise. We also note that the eigenvalue analysis discussed in Section 4.2 can be used to estimate
the time accuracy of the methods. In the following analysis, we verify the order of accuracy with
numerical experiments.
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Figure C.1. The error of the nonhydrostatic #-method as compared with the amplitude and dispersive error

estimates from the eigenvalues of the stability matrix as a function of A¢. The left panels show the order of

accuracy estimates for 8 = 0.5, whereas the right panels show the order of accuracy estimates for 6 = 0.51.

The method is only first-order accurate when 6 = 0.5, « = 0, and 8 = 0. The overall order of accuracy of

the model corresponds to the lessor of the order of accuracy of the amplitude or dispersive error as predicted
by the eigenvalue analysis.

Figure C.1 shows the model error as a function A¢. The error is computed as | |1 (At)—h(At/2)]|2,
where h(At) represents the numerical solution of the free surface, i, computed with a timestep of
At after one period ty,,x = T. We compare the convergence of the model error with the conver-
gence of the theoretically estimated amplitude and phase errors given by Equations (74) and (75),
respectively. The convergence experiments are run with the same numerical parameters and initial
conditions as in Figure 4, for both the projection (¢ = 0) and correction (¢« = 1) methods with
(B = 1) and without iteration (f = 0) with & = 0.5,0.51. As shown in Figure C.1, the overall
model order of accuracy behaves as the lessor of the order of accuracy of the amplitude or phase
error. For all methods, the theoretical estimate for the phase error is roughly second-order accu-
rate; however, when 6 = 0.51 and for the projection method without iteration (@ = 0, 8 = 0)
with 6 = 0.5, the amplitude error and thus the overall modeled error are only first-order accurate
at best. Even when # = 0.5, the numerical solution of the nonhydrostatic pressure for « = 0,
B = 0 is only first-order in time, and thus overall, the method is only first-order accurate in time.
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This result agrees with the analysis in [38] and Equation (C.13). Furthermore, when o« = 1 and
60 = 0.5, both the free-surface discretization and the nonhydrostatic pressure are second-order
accurate, and thus, the model is second-order accurate.

APPENDIX D: CONVERGENCE OF THE ITERATIVE (8 = 1)
NONHYDROSTATIC METHOD

In this section, we investigate the convergence properties of the linear iterative (8 = 1) nonhydro-
static method. We begin with the linear advancement equations of the numerical method that are
closely related to Equations (43) and (44), viz.

UMt =U" —i0k'Ath"™' —i (1— 60 —ay'0) k' Ath" (D.1)
+iay'(1— 0K Ath"™' — ik’ AtAzeT V2

(140K Ar)?) " = —ik’ AtU" + (1 -6 (1 - 0) (K'At)* +ay'0*(k'Ar)*) " (D.2)
+ay' 01 — ) (k' At)2h" ! — BO(K' Ar)? AzeT ¢ T1/2
Equations (D.1) and (D.2) are split into the hydrostatic predictor part

U*=U"—i0k'Ath"t' —i (1— 60 —ay'0) k' Ath" (D.3)
+iay'(1—0)k' Ath" !,

h* = —i (14 0% An?) " K AtU” (D.4)
+(1+ 602K AN~ (1= 6 (1= 0) (K'At)* + ay' 6> (k' At)*) h"
+ay'0(1—0) (14 62(K'An?) " (k' AR
and nonhydrostatic corrector part

UMt = U* — ik’ AtAzel 112, (D.5)

B = B = B (1+ 67K M%) (K A2 AzeT g2 D-6)

where U™ and h* represent the provisional (hydrostatic) velocity and free surface, respectively. The
nonhydrostatic correction is performed after the solution of Poisson Equation (47), viz.

Q2% = —Ce (0h"F + (1 - O)h") | D7

-1 . . .
where C = [I + (k' e)ZM] . However, in general, the final nonhydrostatic free-surface height
(h”“) is not known without iteration. Instead, the Poisson equation is given as

M — _Ce (Qh(m) + (- g)h") , (D.8)

c

where the superscript (m) indicates the iteration number. Similarly, we write Equation (D.8) in
depth-averaged from as

AzeTq™ = —AzeT Ce (Gh(’") +(1- 9)h”> -y (eh<m) L (- e)h") . (DY)

where ' = Azel Ce from Equation (50). The free-surface equation also requires an iterative
solution

ROTD = p* — 6 (1 + Gz(k’At)z)_l (k' Ar)2Azel ™ . (D.10)
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Note that if 8 = 0, then there is no iteration, and h/*T! = h* according to Equation (D.6).
Substituting nonhydrostatic correction iterate (D.9) into free-surface iterate (D.10), we obtain a
recurrence relation for the free surface given by

ROD = e gy (D.11)
where u = By’ % and h** = h* + By’ %h”. With this recurrence relation, we
derive a formula for the mth iteration step as a function of the starting value 2 = h*, which is
given by

m—1
B = RO 3 (D.12)
i=0

Using Equation (D.12), we obtain the convergence rate by subtracting A from A"+,
which gives

pm+1) _ pm) /Lmh*** i (D.13)
where h*** = ﬁy’%(@h* + (1 — 6)A™). Thus, Equation (D.13) shows that the iteration

: — ;02 (k'At)?

converges with powers of 4 = fy THO2AD2
the iteration is guaranteed to converge. Also of note is that the iteration converges rapidly for small
values of kAt and for flows that are nearly hydrostatic (y’ < 1).

We estimate error reduction associated with the iteration by subtracting Equation (D.10) from
(D.6) to give

This parameter is always less than unity, and thus,

Pl D — (hn+1 _h(m)) . (D.14)
This result generalizes to
hn+1 _h(m) — Mm (hn-H _h(O)) — Mm (hn—H _h*) , (D.15)

where A"T1 — h* (given by Equation (C.6)) is the error committed from using the noniterative
method for the free surface. This result shows that the error is systematically reduced by a factor p
each iteration.

We can also determine the approximate number of iterations until convergence is reached by
setting tolerance = 2"*+1 — 1) and using Equation (D.13) to solve for m, which gives

log(tolerance) — log(h***)
m= .

D.16
log(0) (D-16)

If we assume that log(72***) = O(1) and consequently | log(tolerance)| >> |log(h***)|, then we can
simplify this formula to

__ log(tolerance)
log ()

Equation (D.17) does not depend on the magnitude of the initial condition (as Equation (D.16)
does) and will still provide a good indication of the number of iterations required for convergence.
Generally speaking, a simulation with k’A¢r = 1 and 8 = 0.5 requires about 14 iterations to con-
verge to a tolerance of 1 x 1071 for even the slowest converging case where ¥’ ~ 1. Finally, we
note that the overall order of accuracy does not change with (8 = 1) or without (8 = 0) the use
of iteration when the pressure correction method is used (¢ = 1) as shown in Appendix C. Using
iteration with the first-order accurate pressure projection method (¢ = 0) will provide the overall
second-order accuracy at the cost of increased computational effort. The choice of the maximum
iteration number or convergence tolerance will only influence the order of accuracy if the first-order

(D.17)
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accurate projection method (o = 0) is used. Using either pressure method, the choice of maximum
iteration number or convergence tolerance when using the iterative method should not influence the
stability of the method because the error in Equation (D.15) is systematically reduced to zero by a
constant factor p each successive iteration and the method is stable with or without the presence of
this error.
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