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This paper describes a fourth-order finite difference model of the equatorial ocean that is
designed to study dynamic and thermodynamic processes on time scales of a decade or less.
It is a primitive equation model employing the reduced gravity assumption so that the deep
ocean is at rest below the active upper ocean. The model consists of a surface mixed layer and
an active layer below, which is divided into an arbitrary number of numerical layers by means
of a sigma coordinate. The model can be used in an unstratified version, when temperature
acts as a passive tracer, as well as in the full stratified version. The numerical formulation of
the model is described in detail. Experiments comparing three different horizontal smoothers:
Shapiro filter, Laplacian friction, and biharmonic friction are presented. It is concluded that,
at the level needed to maintain computational stability, the Shapiro filter damps the fields
least; in addition, it is faster and easier to implement when the horizontal finite difference grid
is stretched.  © 1989 Academic Press, Inc.

1. INTRODUCTION

The El Nifio-southern oscillation phenomenon is the largest interannual signal in
the earth’s climate. Extensive observations of this phenomenon are, and will be,
taken during the ten year Tropical Ocean—Global Atmosphere (TOGA) program.
One of TOGA’s scientific objectives is to explore the potential of coupled
atmosphere ocean models for predicting climate variability. In this paper we
describe a numerical model of the equatorial ocean that is specifically designed for
TOGA studies. Thus there is particular emphasis on thermodynamic processes
because sea surface temperature is the most important ocean variable to the atmos-
phere. The model domain can also be limited both in the horizontal and vertical,
and thus this primitive equation model uses the reduced gravity assumption so that
the deep ocean is at rest below the active upper ocean. This assumes that only the

444

0021-9991/89 $3.00

Copyright © 1989 by Academic Press, Inc.
All rights of reproduction in any form reserved.



EQUATORIAL QCEAN MODEL 445

near equatorial upper ocean is important for the dynamic and thermodynamic
processes of the TOGA problem on the annual time scale, which means that model
integration times should be no longer than several years.

The numerical model consists of a surface mixed layer and an active layer below,
which is divided into an arbitrary number of numerical layers by means of a sigma
coordinate. This means that the vertical resolution is fine exactly where it is needed
below the mixed layer, where there are very large shears in both velocity and tem-
perature in the equatorial oceans. This overcomes a disadvantage of level models
which need fine resolution over a greater vertical extent when the depth of the well-
mixed layer varies considerably. In the Pacific ocean this depth varies from less
than 20 m in the east to about 75 m in the west. This model predicts the depth of
this layer, and then concentrates its resolution below much more efficiently than
does a level model. The horizontal domain is a rectangular equatorial f-plane, and
the model can employ a stretched grid. This gives enhanced resolution at the
equator and model boundaries in order to resolve better the smaller scale
phenomena that occur in these locations. In most of the experiments described in
this paper, however, the mixed layer has a constant depth and the horizontal grid
is uniform.

Observations and theory of the equatorial oceans suggest that the dominant
sinks of energy and heat are vertical friction and vertical diffusion, see [8, 107, for
example. The model was designed to mimic this situation. Momentum and heat are
input as body forces in the upper mixed layer, are diffused downwards quite
strongly, and are lost to the resting, constant temperature deep ocean. The vertical
coefficients are based on observations and are larger than those normally used in
midlatitude ocean models. As a horizontal “eddy viscosity” we chose to use the
Shapiro filter [12] with the intent of suppressing nonlinear computational
instability while keeping the horizontal sinks of energy and heat much smaller than
the vertical sinks. Results presented in this paper show that this is indeed the case.
We also compare experiments using the filter with those using the more familiar
horizontal smoothing techniques of Laplacian and biharmonic friction and show
that the horizontal sinks due to these frictional forms are larger than those due to
the Shapiro filter. These comparisons are made in experiments that spin up from
rest to an equilibrium state and also in spindown experiments over a period of
100 days.

This numerical model was developed from a two-layer, unstratified model that is
described in [2, 3]. The present model can also be used in an unstratified version
when the temperature acts as a passive tracer. The first comparison experiments
described below use this version of the model, while the second comparison
experiments use the full stratified version with five layers. Both versions use the
same time integration method as the original model, which is the N-cycle scheme
of Lorenz [7].

The plan of the paper is as follows. The model continuous equations are given
in Section 2, while the finite difference equations are given in Section 3. The vertical
coordinate, forcing, and vertical mixing are described in Section 4, the horizontal
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smoothing and friction in Section 5, and the time method and its stability in Sec-
tion 6. The unstratified and stratified model experiments are presented in Sections 7
and 8, and the reasons for our choice of the filter are discussed in Section 9. Our
conclusions are listed in Section 10.

2. CoNTINUOUS EQUATIONS

(a) Generalized Cartesian Coordinate

This derivation follows that in [ 11] with the extension of including a free surface
elevation z,. It uses a generalized vertical coordinate, s(x, y, z, t), so we define

0
h(x, y, 5, 1) == (1)
os
and
Ds 0z
we=hb—t=w-—é7~—u-Vz. (2)

h is then the height between, and w, the volume flux per unit area across, surfaces
of constant 5. u and V are the 2-dimensional horizontal velocity and gradient
operator, respectively. The incompressible, hydrostatic equations of motion in these
generalized cartesian coordinates can be found in [5] and are

-l;—l;+kau+%Vp+gVZ=%%;i+F, &)
%%—};+V-u+%(%>=0, (5)
%Lpgh:o. (6)

Here k is the unit vertical vector, p is pressure, p is density, and g is gravity. Also

D ¢ w, 0

—=—+u-V+-=2—, 7
DotV e (7)
all gradient operations are with respect to constant s, t is stress, Q' is the density
flux, and F and D’ are horizontal friction and density damping.
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(b) Boussinesq Approximation

We define the buoyancy b and a modified pressure P such that

=_g (P Po> (8)
Po
opP
P bh, (2]
where p, is a constant reference density. The hydrostatic equation (6) then becomes
1dp 0z OP
— =+ g———=0
pods 835 s (10)

Integrating this equation with the boundary condition p =0 at s =5 gives

L PP —g(z—zy), (11)

Po
which simplifies by taking

Pr=gzy; (12)

i.e., the modified pressure at the surface equals g times the free surface elevation.
The momentum equation (3) can now be written in the form
p {Du 10t ’
+fkxu)+VP—bVz=—|~—+F
o (Brsw) ~(ia 13
The Boussinesq approximation in s coordinates is then to set p/p, equal to-one in
Eq. (13) which becomes
Du 1o
— 4 fk -
Di +fkxu+VP—-bHVz= b 75 +F. (14)
In general the buoyancy is a function of temperature and salinity. For the present,
however, we ignore the effects of salinity and further simplify the equations by
assuming that b is only a linear function of 7, ie.,

b=b(T)=oag(T—Tp), (15)

where T, is a constant reference temperature and « is the coefficient of thermal
expansion. Substituting from Egs. (8) and (15) into the density equation (4) gives
an equation for temperature; namely,

—=2==4D. (16)

Here Q is the downward heat flux divided by p,c,, where ¢, is'the specific heat of
water at constant pressure, and D is the thermal damping.
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(c) Reduced Gravity Approximation

The reduced gravity approximation is to assume that below a certain depth the
ocean is at rest and has a constant density, or in this model a constant temperature.
In s coordinates the no-flow assumption requires no pressure force at the base of
the model s=s;, ie.,

VP—-bVz=0 at s=s5g. (17)
This can be satisfied by choosing

by=0, Pp,=0 at s=s,, (18)

which is accomplished by setting the temperature of the deep ocean to Ty (i.e., zero
buoyancy in the deep ocean, see (15)) and (from integrating Eq. (9)) setting

Pr=[" bhas (19)
sB

Finally (14), (16), and (5) can be rewritten in flux form, viz.,

%(hu)+V-(uhu)+a—i (wou) + fk xhu+h(VP~sz)=g—:+hF, (20)

2 ? a0
a—t(hT)-f-V-(llhT)‘Fa(WeT)—-E-l-hD, (21)
oh ow,
E+V-(hu)+ 25 =0. (22)

The equations of the reduced-gravity, primitive equation model in s coordinates
are (20) through (22), with z, P, and b defined by Egs. (1), (9), and (15), respec-
tively, and surface values of z and P given by Eqs. (12) and (19).

(d) Boundary Conditions

The inviscid boundary conditions are no normal flow at horizontal boundaries
and no vertical flow at the top and bottom, ie.,

u-n=0 on 68,
(23)

w,=0 at s=s7,55.

The latter condition results from the assumption that the ocean surface and the
base of the model are material surfaces. The viscous boundary conditions depend
upon the form of the nonconservative forces F and D, but are either no-slip or free-
slip and either zero heat flux or specified temperatures at horizontal boundaries.
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(e) Energy Equation

The energy equation is formed by taking u-(20) —agz(21)+ (P + agzTy) (22); it
can then be manipulated into

de J & 0z
5, TV [ue+AP) ]+ [we (;+P> +P5]
ot aQ
_u.(-a?+hF)—agz<5S—+hD>, (24)
where
e=h(lu-u—bz). (25)

Integration of (24) over the total volume and use of boundary conditions (18), (19),
and (23) show that the model energies are

Kinetic Energy = H dx dy j Lhu-u ds, (26)
Q sB
Potential Energy = jf dx dy U —hbz ds+14 gzzr], (27)
2 sB
=” dx dy [rT hb(zT—z)ds-—%gzzrjI. (28)
Q2 sB

Thus the sum of kinetic and potential energy is conserved in inviscid, adiabatic
flow. The potential energy has been defined such that it is zero if the buoyancy is
zero (T = Tj) everywhere in the domain. This is an appropriate reference level for
potential energy as it is the state the ocean will spin down to in the presence of
vertical temperature diffusion. Manipulations of (21) and (22) and integrations
over the total volume show that heat content and temperature variance are also
conserved in inviscid, adiabatic flow, where

Heat Content = _UQ dx dy rr hb ds, (29)

SB

Temperature Variance = ” dx dy rr hb? ds. (30)
2 g

Again these quantities are zero if 7= T’z everywhere.

(f) Unstratified Model

An unstratified version of the model can be deduced from the stratified version
if T and hence b and p, are kept constant throughout the model domain. In this
case the constant b is called the reduced gravity (often denoted by g'), and Eq. (21)
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for T is trivially satisfied or can be thought of as an equation for a passive scalar
quantity. It is then easy to show that
b
Py=gzy=bH, VP—sz=p—pVH, (31)
0

where H(x, y, t) is the total depth of the active ocean layer. The last equation in
(31) gives the unstratified form of the pressure gradient force for use in (20). Equa-
tions (27) or (28) and (29) or (30) then give the unstratified potential energy and
the conservation of the total fluid volume, i.e.,

1
Potential Energy = ” dx dy 3 f)_p H?,
2 0
(32)
Constant = ” dx dy H.
o]

The boundary conditions are still those of Eq. (23).
(g) Linearized Model

A consistent linearization of the reduced-gravity primitive equation model in
s-coordinates can be made and is given below. However, it is somewhat unfamiliar
compared to the linearization in z-coordinates. One way to see this is that the
hydrostatic equation in s-coordinates, (9), is nonlinear and is thus approximated in
the linearization, whereas the equation is linear in z-coordinates and is thus
retained exactly in the z-coordinate linearization. This results in an unfamiliar
potential energy in the linearized s-coordinate model. For the linearized model the
depth and buoyancy are divided into mean and fluctuating components as

h=h(s)+H,
(33)
b=b(s)+b"
The hydrostatic equation (9) and reduced gravity assumption (19) linearize to
O _ bh+ kb,
s
(34)
P,= gz,=f (bh + hb') ds.
sB
The momentum, heat, and continuity equations (20)-(22) linearize to
2 )+ fkox o+ KVP ~692)= S 4 AF, (35)
0 ., 0 _ o0
= (H6 + )+ V- (Rbu) + (w,_,5)-ocg<as +BD), (36)
oh ow,
5;+V-(ﬁu)+ R =0, (37)
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where (36) has been formulated in terms of buoyancy rather than temperature. The
other model equations (1) and (15) remain unchanged. An energy equation for this
model can be formed in exactly the same way as for the nonlinear version; the
result is

o¢’ 0 0z
E+V' (wh(P—bz)] +a |:we(P— bz) + PE]

=u-<%§+ﬁF>—agz<g—g+ﬁD), (38)

where
LY
U2 ab)0s

’

& =

hu - —z(bh + hb').

1
2
Integration of (38) over the total volume shows that the linearized model energies
are

Kinetic Energy = Hﬂ dx dy rr $hu-u ds, (39)
st 2
Potential Energy = || dxdy UR)EEY z(bh+ hb') | ds +1 gz7 |. (40)
Q SB 65/65' 2

A linearized version of the unstratified model can be found from the above equa-
tions by setting b to a constant and b’ to zero in (33)-(37), which results in a
kinetic energy given by (39) and a potential energy given by (32). The boundary
conditions are unchanged in these linearized models.

(h) Spherical Coordinates

The model can also be defined in spherical rather than cartesian coordinates in
which case s =s(4, 0, z, t), where 4 is longitude and 8 latitude. In this case f in the
momentum equation should be replaced by f+ utan /R, where R is the earth’s
radius, and the divergence operator has an extra geometric term, see [11].

3. FINITE DIFFERENCE EQUATIONS

(a) Grid Configuration

A stretched horizontal grid mesh is used to allow for increased resolution at the
equator and lateral boundaries where phenomena with small spatial scales occur.
The stretching is accomplished by solving an equation of the form

x¥=a+bx;+) witan " [B(x,— )], (41)
7

for the location x; of the ith point in physical space given that the points in com-
putational space are equally spaced. Thus (41) is solved for the x; that gives x* =
(i—1) 4x. In (41) B, is a measure of the thickness of the stretched region at x=7y;
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and o; is a weighting factor that determines how many mesh points will be in this
stretched region. The stretching can be done at all four lateral boundaries and
symmetrically about the equator, or can be ignored, giving a uniform grid in both
computational and physical space. Horizontal cross sections of model variables can
be plotted in either computational or physical space. This configuration and other
details of finite differencing were first used in [2].

The vertical grid is shown in Fig. 1. We define

s;=0, sp=—-NZ, K=i-s, (42)

where NZ is the number of model layers and K is an integer from one to NZ
designating the midpoints of those layers. K is the opposite of s in that the layer
numbers increase downwards in the model so that layer 1 is at the top and layer
NZ at the bottom of the model, and the layer midpoints are designated by half
integer values in the vertical coordinate s.

(b) Horizontal Differencing

In the horizontal all model variables are at the same locations at the corners of
the grid squares (Scheme A in Arakawa’s nomenclature). Single horizontal
derivatives are calculated as

of dx* of dx*

—=———x—{f,

ox dx Ox* dx (43)
where dx*/dx is calculated analytically from Eq.(41). In the interior &f is the
fourth-order centered difference approximation defined by

ofi= e [fy 2= 8f 1 +8f 11— fina)

12 dAx
of (4x)* &° .
=ax—*(xj)— 30 9" (xj)+0(Ax) . (44)
$;=0 W) /2=0
Kzl —————=—— === uy T ohy
S=-| N L)
S=-NZ+I . WNZ-1/2
K:NZ === — === Uz Wz Thz Paz
Se=-Nz Wnz+i/2 =0

FiG. 1. The vertical finite difference grid.
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At points on and next to the boundary, one-sided differences are used that are
third-order accurate in 4x, but these are regions of finer resolution when the grid
is stretched. The boundary forms are

8fo= [-11f+18/,=9/,+213],

6 Ax
3
=_f’£( I+ ("x) - {4( o) + O(dx)",
(45)
5f1__[ 2f0—3f1+6f,—f3],
3 4
_ af( )= 9T s owax)® (46)

12 ox**

These boundary forms mean that continuous equations in conservation form will
not be exactly conservative in finite difference form. This nonconservation will be
discussed again later. The third-order boundary forms were necessary, however,
because the fourth-order forms that were tried proved to be computationally

unstable.

(¢) Vertical Differencing

All model variables except w, are held at layer midpoints, ie., integer values of
K, whereas w, is held at the layer interfaces, i.e. integer values of s. Single vertical
derivatives are simply calculated as

5fk=fk—1/2—fk+1/2
2 3
s a{ (5,) + 4L 2“;) a{ (sx) + O(4s)*, (47)

since 4s=1 across each layer. This form is second-order accurate in 4s. The flux
form of the equations requires values of u and T at the layer interfaces, and we have
chosen the forms

“K+1/z=%(“1<+“1<+1) (48)
(h Tyt hg 1 Tiyy)
T ) )

These forms conserve total energy and heat content in finite difference form but not
temperature variance unless the layer depths sy are equal (see below).

(d) Pressure Gradient Force

In this subsection the finite difference form of some of the model equations and
the form of the pressure gradient force will be given. Equations (1), (9), (15), and
(19) are represented by finite difference forms in the following obvious way

581/81/2-15
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K—1 h
Zx—2Zr= —( ) h,»+—">, (50)
j=1 2
K1 hyeb
Py—Pp= —( y h,b,.+—"2—">, (51)
j=1
byx=0g(Tx—Tp), (52)
NZ
Pr=gzr= Z hixbx. (53)
K=1

These finite difference forms are all centered approximations to the continuous
forms. The finite difference form of the pressure gradient term in (20) is

PGF=hy(VPx— by Vzy), (54)

where the gradient operator now means the finite difference form given by
(43)-(46). After manipulation using (50)-(53), this can be written in the form

&t hel thK
i=1

where the free surface elevation z is given by (53) and is calculated diagnostically
in the model.

(¢) Model Equations
The finite difference form of the continuity equation (22) is the obvious form

ohy

Ik ——+ V. (hgug)+wg_ 112~ Wks12=0, (56)

where the e subscript has now been dropped from “vertical velocity” in the s-coor-
dinate. The obvious form of the temperature equation (21) is

d
5; (heTg)+V - (ughgT)+ (WT )k 12— Wk, 172

=Q0x_1p— Qk+12+hg Di. (57)

Summing these equations over all layers and horizontal points shows that, in the
absence of sources and sinks, the heat content in finite difference form

NZ

Heat Content= Y <{hy(Tx—Tp)> (58)

K=1

would be conserved, where angle brackets denote an area average. This requires
that the divergence operator be conservative (which it is, except at the boundaries)
and is independent of the values assumed for T at the layer interfaces. However,
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(57) is not the form of the heat equation used; instead we choose to split the
horizontal divergence term into three parts and to substitute from (56) for the layer
divergence. This gives the form

) 1 oh 1 1
5‘; (hKTK)—z TKTZK"I'EV (ughgTg) +§h1<“1< VT

+wi (T 1p—3TK) = We o 1p(Tk 1o —3Tk)
=Qx 12— Q@xk+12thg Dy (59)

It remains to specify the temperatures at the layer interfaces and this is done by
considering which invariant to conserve in finite difference form. Consider the finite
difference form of the temperature variance

NZ
Temperature Variance = Y. {hy(Tx— T5)>). (60)

K=1

Its conservation is analyzed by multiplying (59) by T and summing. The two
horizontal advection terms can then be written as a single divergence term which
sums to zero, and it remains to ensure that the vertical advection terms sum to
zero. The only choice that makes this possible is

TK—1/2=%(TK41+TK)’ TK+1/2=%(TK+ Tgi1), (61)

so that this is the form that conserves temperature variance. However, the finite
difference form of the potential energy (28) is

NZ K—1 hK 1
Potential Energy = Y <thK< Y hj+7)>—-2-g(zzr>, (62)
K=1 i=1

with z; given by (53). Its conservation is analyzed by multiplying (57) by —agz,
and adding (Px+ agz,Tp) times (56). Some algebra then shows that the w terms
sum to zero if and only if the layer interface temperatures are given by (49). This
is the form used in the model, which then conserves temperature variance (60) if
and only if the layer depths are equal. It is shown in [1] that in sigma coordinates,
if the hydrostatic equation is differenced locally, then only one of energy and tem-
perature variance can be conserved. The finite difference form of the kinetic energy
(26) is
NZ

Kinetic Energy = Y (3hgug-ug). (63)

K=1

Its conservation is analyzed by considering the dot product of the finite difference
form of the momentum equation with ug. Thus its conservation is assured by
assuming layer interface velocities to be the simple averages given in (48) and to
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employ an equation with similar advection properties to that for temperature (59).
Thus the finite difference form of the momentum equation (20) is
0 1 0Ohg

1 1
E (hgug)— 3 uy a + EV (ughgug) + 7 hgug-Vug

1
+ Wik 1p(Uk = 2Ug) = Wiy 1 (Ug g g — Jug)

+Skxhug+PGF =14 1 — 15,1+ hgFy, (64)

where the pressure gradient force is given by (55).

The model finite difference equations are (56), (59), and (64) with the pressure
gradient force, by and z; defined by Eqgs. (55), (52), and (53), respectively. The
stability of these equations is discussed in Section 6b. Diagnostic quantities are
given by (58), (60), (62), and (63) and equations for these quantities will be given
in the next section when the forcing and vertical dissipation terms have been
specified.

(f) Unstratified Model

The finite difference equations of the unstratified model are (56) and (64), where
the pressure gradient force is given by the simplified form

_bp NZ
PGF=—h,V Z hy . (65)
Po K=1

The unstratified model kinetic energy is still given by (63), and an available poten-
tial energy can be derived from (62) for this simpler model, and is given by

bp NZ 2 NZ 2
Potential Energy=:2-;—<< Y, hk> —( y hK(t=0)> > (66)
0 K=1 K=1

Equation (59) can be thought of as an equation for a passive scalar in the
unstratified model.

4. VERTICAL COORDINATE, FORCING, AND VERTICAL MIXING

(a) Mixed Layer

The upper layer of the model, K=1, is taken to represent the well-mixed layer
at the ocean surface. The velocities and temperature are considered as constant in
this layer so that T, is sea surface temperature (SST). The model has three
possibilities to represent the physics of the mixed layer: (i) the depth of this mixed
layer remains constant, ie.,

h1=C0nSt=>W11/2=V'(h1u|); (67)
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(ii) a true layer, with no entrainment or detrainment of fluid from the base of the
layer, ie., w;;,=0; (iii) the entrainment or detrainment at the base of the mixed
layer is determined by an equation derived, for example, from a Kraus-Turner
model [6]. This option is similar to the method described in [11]. The upper layer
depth is then given by (56) with K=1.

(b) Remaining Layers

The vertical coordinate s over the remaining layers has been chosen to be like a
sigma coordinate which divides the total depth of these layers into prescribed frac-
tions. A sigma coordinate is most often used in atmospheric models with pressure
as the vertical coordinate and divides the atmosphere into layers with prescribed
fractions of the total model pressure difference, see [5]. With this vertical coor-
dinate, the first step is to update the total depth of layers 2 through NZ. This is
done by summing (56) over these layers to obtain

o/ Nz NZ
E( Z hK)+ V'(hK“K)+w11/2=07 (68)
K=2 K=2

where w, ,,, is given by (67) or mixed layer physics and w is zero at the base of the
model. The total depth is divided into the separate layer depths by

NZ
hK=oK( ) hK), (69)
K=2
where 6, K=2, NZ is prescribed beforehand. The vector ¢ is such that
NZ
<hiy
gx =1, O =, 70
(Z,) ST K 70

and o, has been defined as in (70) for convenience.

Now that the time derivatives of all the layer depths from 2 to NZ are known,
repeated application of Eq. (56) with K=2, NZ — 1 is used to calculate the remain-
ing wg, 12’s diagnostically. Thus the entrainment or detrainment at the base of the
mixed layer, w, ,,, has to be predicted but the remaining w’s governed by a sigma-
type coordinate are calculated diagnostically. Now that all the w’s are known, the
velocities u, and temperatures Ty, K=1---NZ can be updated using (64)
and (59).

A fourth model option treats the total fluid depth using a sigma coordinate. In
this case, the sums in the definition of the o’s, (69) and (70), start at K=1 rather
than K=2. In this more usual case the total layer depth is first predicted by
summing (56) over all the layers. Then all the w’s are calculated diagnostically by
repeated application of (56) with K = 1, NZ — 1. Finally all the velocities and
temperatures are updated using (64) and (59).
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(c) Surface Forcing

The surface stress t,, and heat flux Q,, in the model are assumed to affect
directly only the upper mixed layer, K= 1. They can be general prescribed functions
of x and ¢ or can depend upon the model variables in the upper layer. The forms
used at present are simple and well known: 1,,, is constant in space and time and

Ql/Z(x’ ty=6(T,~T)), (71)

where T, is some prescribed “atmospheric” temperature, presently set to a con-
stant; T, is the model SST; and @ is a constant heat flux per degree centigrade.

(d) Vertical Mixing

The finite difference forms of vertical mixing in the model are approximations of
the continuous forms

T=——= =—— (72)

where v, and x, are the vertical eddy diffusivity and conductivity. The finite
difference forms are

Ug—Ug, g Uyz
T =BINT —_ = BINT —_—, 7
K+1/2 K+1/2 Tr+Oxo TNz +12 NZ+1/2 g (73)
T«—T Ty,—T
QK+1/2=CINTK+1/2 A Al KH, QNZ+1/2=CINTNZ+1/2 _NZ_B- (74)
6K+0.K+l UNZ

The internal terms merely redistribute momentum and heat within the layers, but
the bottom terms are sinks of these two quantities. The finite difference forms (73)
and (74) are approximations to (72) because they have sigmas in the denominators
rather than the actual depth between the midpoints of layers X and K+ 1, which
is a function of x and ¢. The definition of sigma in (69) then gives the relations

(BINT, CINT) =2(v,, x,,)/ %;Z Chi. (75)

K=2

Equation (75) indicates that, if the depth of layers 2 — NZ increases, then the values
of BINT and CINT should be reduced to keep the same values of v, and k.
However, this is only true for the well-resolved vertical wavenumbers and, with
only a few model layers, no vertical wavenumber is well resolved. In fact, the verti-
cal friction and thermal damping act primarily on the shortest possible vertical
wavelengths. A simple analysis shows that BINT and CINT should be proportional
(not inversely proportional) to the depth of layers 2 — NZ in order for the damping
on the 24s wave to remain the same. These forms for vertical mixing give the
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following forms for the budgets of total energy, heat content (HC) and temperature
variance (TV):

0 (KE+PE)—<1: u —NZZ_IBINT Uy = Upr,)”
ot S\ K=1 KH12 (ox+0k41)

2

uy h,
_BINTNZ+1/2 + O (‘2__2T>
NZ -1

Z he 3 CINT, p(Tk—Txy1)

K=1

z
+ag CINT ., 172 (Thz— TB) =z

NZ
NZ
+ Y hK(uK-FK—agzKDK)>, (76)
K=1
i) T T
—(HC)=<Q1,2—CINTNZ+,/2(—M—”)+ 5 hKDK>, (77)
ot NZ K=1
0 Nzt (Tx—T41)?
—-(TV=<TQ - CINT e S
6[ ) 1 1/2 Kgl K+1/2 (UK+6K+1)
T
—CINTyz .10 =22 (Tnz—T5)
Onz
Nzl 2(01("‘7K+1) Nz
+ Z WK+1/2(TK Tgi1) (“‘—"' Z heTx Dy ). (78)
ox+0xi1) K24

Equation (76) shows that internal friction and friction and thermal damping at the
model base act to reduce the energy in the active ocean layer, whereas internal ther-
mal damping acts to increase it by mixing warmer water downward. Equation (77)
shows that the total heat content is only changed by the surface heat flux, thermal
damping at the base of the model, and horizontal damping, which is usually small.
Equation (78) shows that temperature variance is reduced by thermal damping and
has the spurious finite difference term when the layer depths are not equal; see the
discussion in Section 2(e). The forms (76)-(78) also assume no contributions from
horizontal finite differences; see the discussions in Sections 3(b) and 5.

5. HORIZONTAL SMOOTHING AND FRICTION

(a) Shapiro Filter

The horizontal smoothing in the model is the filter devised by Shapiro [12]. In
one dimension, the filter of order n is defined by

fr=fi—F"(f), (79)
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where
F(f)=3Q2fi—=fivi—fio1) (80)

Here n must be an even integer and is twice the order of the filter as originally
defined in [12]. We use this definition of » because »n/2 repetitions of the finite dif-
ference operation F, which reaches to points i + »/2, is a finite difference approxima-
tion of 8"/0x™ which is second-order accurate in 4x. Thus

af

F(f) = (= 1)y 25, (81)
X

where
7= (4x/2)". (82)

Thus the filter of order n is like the nth differential operator with a coefficient that
depends upon the grid spacing. The coefficient of one quarter in (80) is chosen such
that, whatever the value of n, the coefficient of the 24x wave in f; is set to zero in
[ by the filter. This filter suppresses nonlinear computational stability by eliminat-
ing the 24x wave. By eliminating it completely during each application, the filter
does not have to be applied each timestep for the computation to remain stable.
The less often the filter is applied, the less viscous is the solution. The amount of
smoothing is also very dependent upon the order » of the filter chosen. The higher
the value of n, the fewer waves with shorter wavelengths are affected by the filter,
such that when n=16 all waves longer than 44x are virtually unaffected by the
filter.

In a bounded domain, a boundary condition for the filtering must be imposed.
In the model there is a choice between two possibilities: a conservative scheme and
no change at the boundary. These are accomplished by

Conservative,  F(fo)=31(fo—f1), (83)
No change at boundary, F(fy)=0. (84)

The conservative scheme means that the sums of f; and /7 over all i points are the
same and the no change at the boundary scheme means that f; and f7 have the
same boundary values. We note that use of either scheme means that the coefficient
of the 24x wave is not set exactly to zero at the boundary. Also, if the grid is
stretched as described in Section 3(a), then the conservative scheme does not
conserve line integral quantities unless the variable f is modified by the varying line
segments 4x before the filtering is done (see Section 9).

The model also has the option to use the Shapiro filter with reduced order near
the boundaries. With this option, the order of the filter at the point adjacent to the
boundary is 2, at the next point the order is 4, etc., until the full order n is achieved
at the (n/2)th gridpoint from the boundary. This idea was first used in [9]. The
main reason to use this option is that the stratified model rapidly becomes unstable
at the boundaries if uniform filters of order 8 or more are used. This is not true of
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the unstratified model which remains stable using uniform filters of order 8, 16, or
32. However, the stratified model is much more sensitive and is always unstable
with uniform filters of order 8 or more. Thus the stratified model uses the reduced
order filter. This can also be justified physically by the argument that friction and
mixing are greatest at ocean boundaries and so should be in the model where the
boundary motions are well resolved. The reduced order filter also has the advan-
tage that only the usual frictional boundary conditions are applied and no
arbitrary, higher order boundary conditions are needed. The reduced order filter
uses (83) or (84) only once at the boundary, which means that the “conservative”
scheme is not conservative even when the grid is uniform. The reduced order filter
can be made truly conservative (see Section 9). The coefficient of the 24x wave is
not set to zero near the boundaries, and this might mean that filtering has to be
done more frequently than in a model where this coefficient is set to zero, ie., using
a uniform filter in a doubly periodic domain (see Section 9). The model filters Au,
hT, and h first in x and then in y after a given number of Lorenz N-cycles (see
Section 6). This means that the order of the reduced filter is asymmetric in x and
y near the boundaries, as in [11], whereas the reduced order filter in [9] is
symmetric in x and y.

(b) Boundary Conditions

The inviscid boundary conditions are the usual ones of zero normal velocity at
solid boundaries and no boundary conditions on temperature. The model has a
choice of three different velocity boundary conditions and two different temperature
frictional boundary conditions. They are

1. No slip at all boundaries.
MBC = ( 2. Noslip at E, W and slip at N, S boundaries. (85)
3. Slip at all boundaries.

1. Temperature specified at N, S boundaries and
MTC = | zero heat flux at E, W boundaries. (86)
2. Zero heat flux at all boundaries.

These boundary conditions are implemented by using the appropriate form of the
Shapiro filter, i.e., no change at boundary if u or T have specified boundary values,
and conservative if u or T are not specified. For options MBC =2 and MTC=1,
this requires using the different filter options in the x and y directions. 4 is also
filtered with constant order in the unstratified model and with reduced order in the
stratified model (see Section 9). In the code, the filtering is done after the boundary
conditions have been applied.

(¢) Laplacian Friction

In order to compare the effects of the Shapiro filter with other frictional forms
used in numerical models, we have implemented Laplacian and biharmonic friction
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forms. For simplicity, these forms were only tested with a uniform horizontal grid
and then compared to runs using the filter on the same grid.
For Laplacian friction, the forms in Egs. (20) and (21} are

F=v,Vu, D=x,VT, (87)

with no friction in the continuity or 4 equation (22). The boundary conditions are
no slip and zero normal derivative of temperature at all boundaries. The Laplacian
operator is approximated in finite difference form by

Ff Uit S =)
A VR )

which is second-order accurate in 4x. The boundary form for temperature is

Y 21— /o)
S (89)

A boundary form for velocity is not needed because of the no slip boundary
condition.

(d) Biharmonic Friction

The biharmonic friction forms used in (20) and (21) are
F=—9,V*, D=-&,V'T, (90)

again with no friction in the /4 equation (22). Extra boundary conditions have to
be specified with these forms. We have chosen to implement no slip and zero second
normal derivative of velocity and zero first and third normal derivative of tem-
perature. The higher order boundary conditions seem the most logical to use given
the usual frictional boundary conditions. These different boundary conditions on
velocity and temperature mean they require different finite difference forms next to
the boundaries. The finite difference forms are again only specified for use with a
uniform horizontal grid and are second-order accurate in Ax. The interior form is

ﬂz Vivatfioa—4fis1 —4fi 1+6f)

ot (4x)* : o1
The next to the boundary form for velocity is
ﬂ~(f3"4f2+5f1“'2f0). (92)

oxt™ (4x)*
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A boundary form for velocity is again not needed because of the no slip boundary
condition. The forms for temperature next to and on the boundaries are

3 _(fi—4fH+T7fi—4f0)
oxt” (4x)* ’

ﬂ~2(f2_4f1 +3/0)
oxg” (4x)* '

(93)
(94)

(e) Consistency and Convergence

We have given the accuracy of the horizontal and vertical differencing and
horizontal smoothing and friction schemes. It is straightforward to demonstrate the
consistency of the finite difference equations except for the Shapiro filter where the
coefficient y depends upon Ax, see Eq.(82). Thus the coefficient of the nth
derivative in the Shapiro filter changes if the horizontal resolution is changed, and
in fact tends to zero as Ax — 0. Thus the model formally becomes inviscid as
4x -0 and it is inconsistent to apply the viscous boundary conditions. This dif-
ficulty can be overcome by defining y in (82) to be the maximum of a constant y*
and (4x/2)". The finite difference equations are now formally consistent with the
partial differential equations and, as 4x — 0 when y =y*, the numerical solution is
convergent. '

In practice the filter is used with y given by (82). Thus, if the horizontal resolu-
tion is doubled, then y is much reduced and the solution is less viscous. However,
in geophysical fluid numerical modeling, if the option to double the horizontal
resolution exists, then the coefficient of Laplacian or biharmonic friction chosen
would be reduced by factors proportional to (4x)* and (4x)*, respectively. The
reason is that these subgrid scale mixing parameterizations are needed to maintain
numerical stability by suppressing nonlinear computational instability and to
provide sinks at the smallest resolvable scales of the model. In fact, the biharmonic
friction was first used because it separates more distinctly the dissipation scale from
the energy-containing scale than does Laplacian friction. Thus the Shapiro filter
and Laplacian and biharmonic frictions are used in a similar way in practical
computations.

6. TIME METHOD AND STABILITY
(a) Time Differencing

The model uses the N-cycle time differencing scheme of Lorenz [7], with N equal
to four. To solve the equation

0
5 =fw) ©5)
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where u is a vector and f is a matrix, the scheme may be described as follows. Let
the timestep be 6¢ and define 47 = N 6¢. The timesteps are counted by an index n,
which is zero initially, and the vector u is set to its initial value. The scheme is

1.  m=nmodN, (96)
—m At

BeT T TSy o7

3. vi=b,la,v T+ f(w, 1)), (98)

4. wtl=u"+v, (99)

5. n=n+l. (100)

With N set to 4, the scheme is fourth-order accurate in 4t if f is linear, but only
second-order accurate in 4¢ if f is nonlinear. The scheme also has the property that
at any intermediate step, m less than N, the solution is correct to first order in 4.
These convergence properties of our time scheme are derived in detail in [7], see
Eq. (18).

(b) Linear Stability

In this subsection we examine the computational stability of Eq. (95), where 1 is
considered to be linear and a purely advective operator. In this situation let A,= il ,
be the timestep 4: times the jth eigenvalue of f. Then the growth rate, G;, of the
mode with eigenvalue A; for the Lorenz scheme is

N Ajn

G = Z

Ty
n=0 n:

(101)

Computational stability requires that all growth rates are such that |G;| < 1. With
N =4, Eq. (101) gives

i,
72 (24)

G2 =1~ (102)

which shows that the scheme is stable and damping if 1, < \/§ When 4, <1, (101)
can be approximated by

iy (MA)N+I
e I (103)
For N even,
AN+2
IGjlzzl—Z(—l)N/2 A (104)

(N+1)P

which shows that the Lorenz scheme is damping if N is a multiple of 4, but need
not be so when N is an odd multiple of 2.



EQUATORIAL OCEAN MODEL 465

We now consider the timestep restriction due to an advective term of the form
cu,. The maximum eigenvalue of the fourth-order centered scheme (44) is 1.37/4x,
so that the timestep restriction is

At
A= 1.37c2;<\/§. (105)

With the 4-cycle scheme At =4 ¢ and for a two dimensional equation, the timestep
restriction from (105) becomes

1 1
6t<05/c{—+—]. 106

/ ‘ (Ax Ay) (196)
Here 5t is in seconds, 4x and 4y are in m and an appropriate speed ¢ is 3 m/s
because it is larger than any wave or advective speed attained in model runs. This
advective restriction on the timestep is much more severe than that due to vertical
mixing in the form described in Section 4(d). This analysis is based on work
in [2,4].

7. UNSTRATIFIED MODEL EXPERIMENTS

In this section we describe a series of experiments using the 2-layer unstratified
version of the model that were run in order to compare the effects of various
horizontal smoothing techniques. The experiments use either constant easterly wind
stress or constant southerly wind stress of 0.5 dyne/cm? and the model is integrated
to 2000 days. A no slip condition is applied at the boundaries. Other details of the
model setup and parameter values for these experiments are given in Table I. The

TABLE I

Unstratified Model Parameter Values

Domain 30° x 30° x 200 m
Resolution 60 x 60 x 2
Horizontal Uniform of °
Vertical Constant 40 m, initial 160 m
bp/py= 0.019 m/s?

BINT = 1.5%x10~°m/s

"= ~0.5 or 0 dynes/cm?®
= 0 or 0.5 dynes/cm?
Lorenz N-cycle, N =4

St= 4 days or 45 mins
At= jdaysor3h

Uniform filter order 8 and 16 applied every  day
Uniform filter order 32 applied every 0.04 days
Reduced filter order 16 applied every 1 day
Laplacian friction v, =4x10°m?/s

Biharmonic friction 7, =4 x 10'2 m%/s
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model has a constant depth mixed layer of 40 m and a variable depth layer below
that is uniformly 160 m at ¢ = 0. The density difference between these two layers and
the resting ocean below is set at 2 x 102 g/cm® The value of vertical friction is
equivalent to a v, =12cm?/s acting over the 160 m layer. The time integration
scheme used is the Lorenz 4-cycle scheme.

The horizontal smoothers used are the uniform Shapiro filter of order 8, 16, and
32, the reduced filter of order 16, Laplacian and biharmonic f{rictions. All
experiments are run as close to the stability boundary as possible. Applying the
uniform filter every 0.5 days for order 16 is the largest number of complete Lorenz
4-cycles that maintains stability during the spin-up phase of the experiments. The
filter was also applied every 0.5 days when the order was 8. When the order was
32, however, a smaller timestep had to be used and the filter had to be applied after
every Lorenz 4-cycle in order to maintain stability. The Laplacian and biharmonic
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friction values of 4x10°m?%/s and 4x102m*/s are also the minimum values
required to maintain stability during the spin-up phase. If the frictions were reduced
to 3x 10 and 3 x 10'2, then either the east or the south wind case blew up during
spin-up from rest.

First we describe the different equilibrium states in the two cases using easterly
or southerly wind stress. The zonal velocities in the two layers and the depth of the
second layer at 2000 days in the east wind case using the uniform Shapiro filter of
order 16 are shown in Fig. 2. In the upper layer there is mostly westward flow with
some return flow in the countercurrents. Most of the water is returned to the east
by the undercurrent in layer 2. At the equator, the second layer is much deeper in
the west and much shallower in the east than the average depth of 160 m. The
undercurrent in this case is slightly unstable and has meanders in the eastern half
of the domain. These meanders propagate eastwards as shown by Fig. 2d, which is
a plot of u, along the equator against time for the last 100 days of the experiment.
This instability for east winds only occurs when using the uniform filter of order 32
or 16, and the equilibrium state is truly time independent in the remaining cases.
The fact that these cases have more damping than the uniform order 32 and 16 filter
cases is also borne out by the equilibrium values of KE and PE, which are given
in Table II. There is not a large difference in the PE values since the largest
contribution comes from the basin wide slope in the depth of the second layer.

TABLE 11

Unstratified Model Experiments: Values of KE/10' and PE/10" at 2000 Days and
Percentage Losses during 100 Days Spindown.

Case Easterly wind stress Southerly wind stress
Uniform filter KE 275 —75.8% 438 -794%
order 32 PE 1.89 —734% 242 —49.7%
Uniform filter KE 232 —-73.5% 424 ~782%
order 16 PE 1.85 —770% 2.63 —553%
Uniform filter KE 204 —-73.5% 3.90 —87.2%
order 8 PE 1.79 —-753% 217 —572%
Reduced filter KE 1.97 —-731% 393 —85.2%
order 16 PE 1.92 —-76.0% 2.19 —58.8%
Biharmonic KE 1.50 —833% 3.27 —92.7%
friction PE 1.71 —765% 2.05 —62.0%
Laplacian KE 1.02 —90.9% 2.16 -97.1%
friction PE 1.67 —843% 1.93 —653%
Uniform filter KE 2.32 —40.1% 424 —49.6%
order 16, no VF PE 1.85 —64.6% 2.63 —38.0%
Laplacian KE 1.02 —854% 2.16 —96.6%

friction, no VF PE 1.67 —-81.6% 1.93 —63.2%
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There are large differences in the values of KE, however, with the Laplacian friction
value being about half the filter values.

There is a much stronger instability in the south wind case. Figure 3 shows the
zonal velocities and lower layer depth at 2000 days in this case again when the
order 16 uniform filter is used. The waves now propagate westward, as is shown in
Fig. 3d, which is again a plot of u, against time for the last 100 days of the experi-
ment. For south winds there are stronger local depth variation and velocities than
for east winds, so that the final PE and KE are larger in this case. The instability
is much stronger for south winds and occurs with all the horizontal smoothers.
It is rather weak in the Laplacian friction case, however, which again has an
equilibrium KE value about half the filter values. All the equilibrium values of KE
and PE for south winds are also given in Table II.

A series of spindown experiments was also run. The forcing is switched off and
the model is run for an additional 100 days, and then the percentage reductions in
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both kinetic and available potential energy are calculated. The KE and PE would
eventually go to zero if the model were allowed to spindown completely. The evolu-
tion of KE and PE over the 100 day spindown experiments for the order 16
uniform filter are shown in Fig. 4. The KE drops much more steeply initially for the
south wind case as the instability source is switched off and the local velocities
decrease. The KE decrease is much more uniform in time in the east wind case and
the percentage loss of KE is smaller than in the south wind case. For PE, however,
the opposite occurs and the initial decrease is much steeper in the east wind case.
This is also a result of the forcing being switched off, which results in the very fast
adjustment of the lower layer depth away from its uniform east-west slope along
the equator in the equilibrium state. This adjustment is accomplished by equatorial
waves, mainly by the Kelvin wave, in the first 12 days. The PE decrease in the
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south wind case is much more uniform with time and the percentage lost in 100
days in this case is much smaller than in the east wind case.

These differences between the east and south wind spindown cases are similar
when using any of the other horizontal smoothers, but the percentage reductions in
energy vary considerably between horizontal smoothers. The cases are listed in
Table II starting with the order 32 uniform filter, which loses least energy down to
Laplacian friction, which loses most. It is not accidental that this order would be
the same if the criterion were the amount of energy in the equilibrium state. For the
order 16 uniform filter and Laplacian friction, the spindown experiments were
repeated with no vertical friction. With Laplacian friction the percentage reductions
are not much smaller than when vertical friction is present, which shows that the
horizontal damping is the major energy sink. For the order 16 uniform filter,
however, the percentage reductions are much smaller, which shows that vertical
friction is a very significant energy sink. This is also known to be true in the
equatorial oceans and was the major criterion by which we judged the various
horizontal smoothers. Another criterion in favor of the high-order filter cases is
their much higher overall values of KE and PE in the equilibrium state. Table I1
also shows that there is little advantage in the order 32 uniform filter over the order
16 uniform filter in terms of energy spindown, whereas the computation cost is
many times larger because of the smaller timestep, more computation per filtering,
and filtering much more often. The filtering is a significant fraction of the total com-
putation in the order 32 case, whereas the fraction is much smaller in the order 16
cases, when it is about the same as using Laplacian or biharmonic friction. We
prefer the order 16 uniform filter to the order 8 uniform and order 16 reduced filters
because of the higher equilibrium energy values and the smaller percentage reduc-
tions during spindown. Thus we conclude that, for the unstratified model, the order
16 uniform filter is the best choice of a weak horizontal smoother that is not
excessive in computational cost.

8. STRATIFIED MODEL EXPERIMENTS

In this section we describe a series of experiments using the S-layer stratified
version of the model. The model forcing and configuration is the same as that
described in Section 7 except that the lower layer is divided into four equal layers
using the ¢ coordinate, each of which is 40 m deep initially. The model setup and
parameters are given in Table ITII which shows that the vertical eddy conductivity
is an order of magnitude smaller than the eddy diffusivity and is equivalent to
x, = 1.2 cm?/s acting over the 160 m layers. The heat flux into the ocean is relative
to a constant atmospheric temperature of 30°C at a rate of 30 W/m?°C. No slip
and zero heat flux conditions apply at the boundaries. The time step for the
stratified model is slightly smaller than that for the unstratified version. We com-
pare runs using the Shapiro filter of order 16 and 8 both of which are reduced to
order 2 at the boundaries (necessary to retain stability), and Laplacian and bihar-
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TABLE III

Stratified Model Parameter Values

Domain 30°x30°x 200 m
Resolution 60x 60 x5
Horizontal Uniform of 4°
Vertical Constant 40 m, initial 4 x 40 m
a= 255x10-4°C!

g= 9.8 m/s?

BINT = 1.5x10 5 m/s

CINT = 1.5x 10 %m/s

= —0.5 or 0 dynes/cm?
= 0 or 0.5 dynes/cm?
6= 30 W/m2°C

T,= 30°C

Lorenz N-cycle, N=4

o= 0.025 days

At= 0.1 days

Reduced filter order 8 and 16 applied every 0.4 days
Laplacian Friction v, =4x10*>m?s
Ky =10>m?s
Biharmonic Friction 7, =4 x 102 m*/s
Ry=10"%m%s

monic friction. We again use vy =4x10°m?/s or 7,,=4x 10'2m*/s and a smaller
horizontal thermal diffusion of 10° m?/s or 102 m*/s. The cases were run to equi-
librium, 10 and 5 years for the easterly and southerly wind cases, respectively. The
equilibrium values of KE, PE, and heat content (HC), given by Egs. (63), (62), and
(58), are listed in Table IV. In the stratified model, PE is not an available potential
energy, as in the unstratified model, and is thus much larger than the KE at equi-
librium in these experiments. The KE, PE, and HC are all defined such that they
would eventually go to zero if the model were allowed to spindown completely.
The equilibrium state with constant easterly wind stress of 0.5 dyne/cm? using the
reduced filter of order 16 is shown in Fig. 5. It shows the zonal velocities in the
upper two layers, the free surface elevation z, and the sea surface temperature, and
can be compared to Fig. 2 from the unstratified model. For east winds, the surface
velocity is again mostly westward, most of which is returned to the east by the
equatorial undercurrent. This current is strongest in the second layer and weakest
in the fifth layer. The surface elevation slopes upwards to the west with a difference
of 25cm at the equator across the 30° of longitude. The corresponding depth of
layers two to five increases to the west, but the changes along the equator are
reduced from those in the unstratified model. Most of the longitudinal changes in
surface elevation are caused by temperature, not depth, variations as there is a
difference of 8°C in sea surface temperature across the basin at the equator. The
model was integrated for 10 years in this case because of the long adjustment time
for temperature (due to small «,) and the fact that the final state had a weak
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TABLE 1V

Stratified Model Experiments: Values of KE/10'2, PE/10"%, and HC/10* at 10 Years (East) and
5 Years (South) and Percentage Losses during 100 Days Spindown

Case Easterly wind stress Southerly wind stress

Reduced filter KE 10.0 —57.9% 14.0 —789%
order 16 PE 422 —51% 4.10 -3.6%
HC 219 —56% 213 ~53%

Reduced filter KE 99 —583% 10.1 —83.0%
order 8 PE 421 —52% 412 =36%
HC 2.19 —56% 213 —54%

Biharmonic KE 8.9 —~504% 70 —84.3%
friction PE 431 —50% 414 -37%
HC 219 —57% 2.14 -54%

Laplacian KE 4.6 —65.7% 33 —81.5%
friction PE 436 —50% 4.13 ~3.7%
HC 221 —-57% 213 ~54%

Reduced filter KE 10.0 +51.7% 14.0 —385%
order 16, PE 422 —04% 4.10 —-01%
no VF HC 2.19 +0.2% 213 +0.2%
Laplacian KE 4.6 +4.7% 33 —67.7%
friction, PE 436 —03% 4.13 —-02%
no VF HC 221 +0.1% 213 +0.1%

instability and was not quite time independent. For east winds, this situation
occurred when using any of the four horizontal smoothers.

In contrast, all four cases with southerly winds stress of 0.5 dyne/cm? go to a
genuine steady state. It is shown in Fig. 6 using the order 16 reduced filter, and can
be compared to Fig. 3 from the unstratified model. In both model versions the
zonal currents are much more barotropic than in the east wind case and the maxi-
mum zonal velocities are at about 3°N. There is a corresponding minimum in
surface elevation z at this latitude, just as there was a minimum in layer depth in
the unstratified model. There is relatively little gradient in sea surface temperature
from the equator to 5°N so that the layer depth variations have a significant effect
on surface elevation in this region. This is in contrast to the situation along the
equator in the east wind case.

The cases in Table IV have been listed in order of the amount of KE in the equi-
librium state. For the east wind case, the values for the reduced filter of order 16
and 8 are almost the same because most of the small scale velocity variance is near
the boundaries where there is no difference between these filters. In the south wind
case some of the small scale velocity variance is away from the boundaries and the
order 16 reduced filter has significantly more KE. As for the unstratified model, the
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Laplacian friction cases have the least KE: it is less than 50% and 25% of the
order 16 reduced filter KE in the east and south wind cases, respectively. There are
only small differences in the values of PE and almost no difference in the HC values
using the different horizontal smoothers. This indicates that the layer depths and
temperatures have large horizontal scales and their equilibrium values are dictated
mostly by the value of the vertical heat diffusion. The PE and HC values change
slowly with time and take a long time to reach their equilibrium values.
Spindown experiments were also run with the stratified model and the percentage
losses in KE, PE, and HC over a period of 100 days are listed in Table IV. The
evolution of KE, PE, and HC for the east wind case with the order 16 reduced filter
are shown in Fig. 7. It shows that initially there is a conversion of PE to KE which
remains above its equilibrium value for 25 days before decreasing to 42% of its
equilibrium value after 100 days. In contrast, PE and HC decrease slowly and
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almost linearly over the entire 100 days. This long decay time is determined by, and
is inversely proportional to, the vertical heat diffusion .. In a comparison experi-
ment starting from the same equilibrium state, but with «, increased by a factor of
ten, PE and HC decreased by 450% and 53.5%, respectively, compared to
decreases of 5.1% and 5.6% in the standard case. Also shown in Fig. 7(d) is the
evolution of KE over 100 days when there is no vertical friction. In this case KE
increases by 70% of its equilibrium value in the first 15 days and remains at over
150% of its equilibrium value for the entire 100 days. In the same time PE only
decreases by 0.4% but, because of its much larger equilibrium value compared to
KE, the total energy of the flow does decrease over the 100 days. This shows that
the major sinks of KE, PE, and HC in the stratified model are vertical friction and
heat diffusion as is desired on physical grounds.

The evolution of KE, PE, and HC for the south wind case with the order 16
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reduced filter are shown in Fig. 8. In this case KE falls uniformly and smoothly to
only 21% of its equilibrium value after 100 days, and again PE and HC decrease
slowly and almost linearly over the entire 100 days. Figure 8(d) shows the evolution
of KE over 100 days when there is no vertical friction. There is a small initial
increase in KE, but after 100 days it has decreased to 62% of its equilibrium value
which again shows that vertical friction is the major sink of KE. PE and HC are
essentially unchanged over 100 days in the no vertical friction case, which shows
that their major sink is vertical thermal diffusion. With Laplacian friction this
dominance of vertical over horizontal damping processes is considerably reduced;
see Table IV.

Table IV also shows that there is relatively little difference in percentage reduc-
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tions between the horizontal smoothers when vertical friction is present. This is in
contrast to the unstratified model where the differences are quite large. This much
more comparable energy loss in the stratified model is due to the necessity of using
the reduced order filter so that the smoothing near the boundaries is now quite
large. There are two reasons why we still prefer the filter over Laplacian and bihar-
monic friction in the stratified model. The first is that the flow is much less damped
as indicated by the equilibrium values of KE in Table IV. The second is that the
differences in percentage reductions between the filter and the other frictions in
spindown experiments increases when more points than the 60 x 60 used here are
employed. This will certainly be the case in most model applications. Also with a
stretched grid the high dissipation region of the filter will be smaller than when the
grid is uniform, which again reduces the dissipation effects of the filter compared to
the other frictions. Thus we conclude that, for the stratified model, the order 16
reduced filter is the best choice of a weak horizontal smoother.
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9. CHOICE OF FILTER

Since the horizontal average of the height field is time independent, a conser-
vative filter should be applied to 4. However, in our work with both versions of the
model, we have found that a conservative filter is worse at suppressing the 24x
wave near the boundaries than a nonconservative one, so that the conservative
filter has to be applied more frequently to suppress nonlinear computational
instability. For example, if the order 16 uniform filter is used in the unstratified
model under the conditions given in Table I with the conservative (CON) filter (83)
on h and the no change at boundary (NCAB) filter (84) on Au, then experiments
with east and south winds both fail. The experiments listed in Table II for these
conditions in fact use the NCAB filter on both su and 4, ie., the correct BC on u,
but the incorrect BC on A. Thus the model has errors in 4 due to this as well as
the nonconservation of the horizontal differencing scheme described in Section 3(b).
At the end of these experiments at day 2000, the error in the average depth of the
160 m second layer is 61 and 33 cm in the east and south wind cases, tespectively.
These values are given in Table V which lists the depth error in cm for several of
the experiments described in Sections 7 and 8, and for some experiments described
below, Our philosophy is to accept these depth errors of 0.4 % and 0.2 % after 2000
days for the following reasons. The greater numerical stability of the NCAB filter
means that filtering can be done less frequently so that the ratio of horizontal to
vertical damping in the model is minimized. The model is only intended to be run
for several years, so that depth errors in the unstratified version are likely to always
be less than 1%, which we find acceptable. We note here that conserving # would
require modifying the horizontal differencing scheme near the boundaries and
modifying the variables by the varying line segments Ax before filtering when the
grid is stretched. Laplacian and biharmonic friction are not applied to A, but depth
errors do occur due to the horizontal differencing near the boundaries. The errors
are very small for Laplacian friction because the flows are much less energetic, and

TABLE V

Depth Error in cm of the 160 m Layer after 2000 Days (Unstratified Model)
or 5 Years (Stratified Model): Order 16 Filter Applied
Every 4 Lorenz 4-cycles with NCAB Filter on hu.

No. of BCon East South

Model Grid points Filter h, hT winds winds
Unstratified Uniform 60 x 60 Uniform NCAB 61 33
Stratified Uniform 60 x 60 Reduced CON 219 124
Unstratified Uniform 60 x 60 Reduced CON 306 162
Unstratified Uniform 100 x 100 Reduced CON 84 30
Unstratified Stretched 60 x 60 Reduced CON 21 86

Stratified Stretched 60 x 60 Reduced CON 120 —
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slightly larger for the somewhat more energetic flows using biharmonic friction. The
order 8 and 32 uniform filter experiments listed in Table II also use the NCAB filter
(84) on both hu and #, and this is the form of the filter we recommend for the
unstratified model.

The same questions arise for the reduced filter which has to be used in the
stratified model and the answers are similar. The reduced filter can be made truly
conservative, but we have found this to be more numerically unstable than other
forms of the reduced filter. For example, if the order 16 reduced filter is used in the
stratified model under the conditions given in Table III with a truly conservative
filter on 4 and AT, and the NCAB filter on Au, then the experiment with south
winds fails. With east winds, the experiment runs to 5 years but the final fields
contain a considerable amount of 2 4x noise. The experiments listed in Table IV for
these conditions in fact use the NCAB filter (84) on su and the conservative (CON)
filter (83) on h and AT. However, as described in Section 5(a), the CON filter is not
conservative when the reduced filter is used. The depth errors in the 160 m layer at
5 years in these experiments are 219 and 124 cm in the east and south wind cases,
respectively, see Table V. These depth errors using the order 16 reduced filter are
considerably larger than those for the unstratified model using the order 16 uniform
filter, but less than the errors in the unstratified model using the order 16 reduced
filter. These errors are 306 and 162 cm for the east and south wind cases, respec-
tively, see Table V.

These depth errors with the reduced filter are quite large but are considerably
reduced in most model applications when more than 60 x 60 points are used and
the grid is stretched. First, we have run the unstratified model with a uniform grid
of 100 x 100 instead of 60 x 60 points using the order 16 reduced filter. The depth
errors at 2000 days are 84 and 30 cm (Table V) compared to 306 and 162 cm in the
60 x 60 case. Second, we have used the stretched grid employed in [2, 3]. This has
=035, f=0.037 at the equator, « =0.25, f#=0.03 at the east and west boun-
daries, and a=0.17, §=0.02 at the north and south boundaries. We have not
modified the variables by the line segments 4x before filtering. In the unstratified
model with 60 x 60 points using the order 16 reduced filter, this reduces the depth
errors at 2000 days to 21 and 86 cm in the east and south wind cases, respectively.
Third, this same stretched grid in the stratified model using the order 16 reduced
filter reduces the depth error at 5 years from 219 to 120 cm in the east wind case
(Table V). In this configuration, the south wind case failed, as it did using several
other boundary condition forms of the order 16 reduced filter. These depth errors
of 0.5% after 2000 days in the unstratified model and 0.75% after 5 years in the
stratified model are much more acceptable given that the model will only be run for
several years. We have run some experiments with the stratified model using the
NCAB reduced filter on # and hT. Compared to experiments using the CON
reduced filter on # and A7, the depth errors at § years are sometimes larger and
sometimes smaller. However, with the stretched grid and using east winds, the
CON filter on s and AT case is stable (Table V), whereas the NCAB filter on 4 and
hT case failed. Thus, we conclude that the NCAB filter on 4 and AT is slightly less
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stable than the CON filter on # and AT. We have also run experiments using the
CON filter on hu, but have found no advantage over the NCAB filter which is the
correct boundary condition on u. The order 8 and 16 reduced filter cases listed in
Table IV use the NCAB filter (84) on 4u and the CON filter (83) on % and 4T, and
this is the form of the filter we recommend for the stratified model.

10. CONCLUSIONS

We have described a reduced gravity, primitive equation model of the upper
equatorial ocean. There are two versions of the model: unstratified and stratified.
The model has a well-mixed layer at the surface, which is of constant depth in all
experiments described here, and an ocean layer below, which can be divided into
several numerical layers by means of a sigma coordinate. This concentrates the
model resolution in the equatorial thermocline and undercurrent where the vertical
shears are largest. The reduced gravity approximation means that the deep ocean
is at rest and has constant density or temperature. The model is forced by surface
wind stress and heating that act over the mixed layer. The vertical damping has the
form of an interfacial drag and thermal diffusion. The numerical grid can be
stretched in the horizontal and the finite differencing is fourth-order accurate in the
horizontal and second-order accurate in the vertical. The time stepping method
used is the N-cycle scheme of Lorenz [7].

We have chosen to use the order 16 Shapiro filter to suppress nonlinear com-
putational instability for several reasons. In experiments with constant easterly or
southerly wind stress, the filter consistently gave much higher equilibrium values of
kinetic and available potential energy in the unstratified model and higher values
of kinetic energy in the stratified model than the more familiar Laplacian and bihar-
monic frictions. In spindown experiments with the unstratified model, the filter loses
much less energy than these frictions. In spindown experiments with the stratified
model, the filter losses are comparable to those of the frictions. The reason is that
the reduced order filter is needed in the stratified model to maintain numerical
stability, and it has larger damping at the model boundaries. This is justified
physically because friction and mixing are greatest at ocean boundaries, and so
should be in the model where the boundary motions are well resolved when the
grid is stretched. Finally, the filter requires less computation than Laplacian and
biharmonic frictions when the grid is stretched. We have chosen to use the most
stable boundary forms for the filter so that it can be applied as infrequently as
possible. This minimizes the ratio of horizontal to vertical damping, which is what
we want on physical grounds. Thus the filter uses incorrect boundary conditions on
layer depths and temperatures. This introduces depth errors which have been
shown to be less than 1% in experiments lasting several years. We find this error
acceptable and have chosen not to make the horizontal differencing and filter truly
conservative, which could be done but would require more computation.
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