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ABSTRACT

This paper describes u numerical model of the world ocean hased an the fully primitive equations. A “Standard”
ocean state 16 introdnced inta the equations of the model and the perturbed thermodynamic variables arc used n the
modle’s calculations. Bath a free wpper surtface and @ botlom topegraphy are included in the model and a sigma
coardinate is used to aormalize the model’s vertical component. The medel has four unevenly—spaced layers and 4 <
5 horizontal resabulion based an  C-grid system. The fOnite—difference scheme of the model 15 designed to conserve
the gross availahle energy m order to avoid fictitions energy gensration or decay.

The mode] has heen tested in response 1o the annual mean surface wind stress. sea level air pressure and sea level
air temperature as a preliminary step ta its further improvement and its coupling with a global aimospheric general
circulabion model. Some of results, including currents, tlemperature and sea surface elevalion simulated by the model

are presented
I. INTRODUCTION

The earth’s climate and jts variation are the consequence of the interaction between the
components of the climate sysiem, including the atmosphere, ocean, ice, biosphere and land
elements. The heat capacity of the atmosphere is relatively small, equivalent to only about a
2.5m depth of water; thus, its thermal inertia, or resistance te change of temperature, is rela-
tively small compared with that of the ocean of the averaging depth. which is about 4 km. [t
is necessary 1o include the ocean on a global scale, therefore, in order to investigate the cli-
mate with time scale much longer than a year. However, many aspects of both the atmosphere
and the ocean are too complex to be treated in any other way except by large—scale numerical
models for the global atmosphere and the world ocean. Pioneering works in this direction
have been done by Phillips [1956), Smagorinsky (1963), Arakawa (1966). Bryan (1969) and
etc..

From the viewpoint of geophysical fluid dynamics, the atmosphere and the ocean have
many aspects of similarities. It was pointed out by Charney (1981) that there is scarcely a fluid
dynamic phenomenon in the planetary atmosphere that does not have its counterpart in the
ocean and vice versa. Furthermore, the general principles of the computational geophysical
fluid dynamics are applicable to the numerical models for both the atmosphere and the ocean
and it is even possible to construct universal numerical models for both of them.,

On the basis of a series of research works in this field, Zeng (1983) presented a fully coup-
led atmosphere~ocean numerical general circulation model. The main features of this model
are as follaws, (1) the perturbed variables related to the “standard status” of the atmosphere
and the ocean are introduced into the equations of the model and the corresponding ~availa-
ble energy” is defined; (2) a hybrid sigma coordinate is used in both the atmosphere and the
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ocean and inherent consistent interface boundary conditions are given to describe the
interactions between the two media; (3) a set of available energy conservation finite—differ-
ence schemes are designed 10 avoid talse computational source and sink of energy and mass;
and (4) some flexible coefficients are introduced into the computational schemes, which may
provide a convenient way for some empirical modifications and speed—up convergence with-
oul violating energy conservations. Since that, a two—level atmospheric general circulation
model and a barotropic ocean model have been presented in IAP (Zeng et al., 1987, and the
nine—level version of the AGCM. on the cooperative research project on CO,—induced cli-
mate change between P.R.C. and U.S.A.. has been tuning at SUNY at Stony Brook since
1987.

Following this line. a preliminary performance of a four—level world ocean general circu-
lation maodel was also fulfilled by Zhang and Liang at Stony Brook. In this paper. a brief des-
cription of the ocean model and seme results of the annual mean simulation driven by
observational atmospheric conditions will be presented. Details of the model’s equations and
their variant are introduced in Section II. Section 111 gives the boundary conditions and ener-
gy relations of the model. The model’s numerical schemes. including grid system, available
energy conservative spatial finite—difference scheme and time integration technique, are des-
cribed in Section IV. In Section V. a speed—up convergence technique based on the so—called
“ flexible coefficients” is presented and the corresponding results of the annual mean
simulation by the ocean model are given.

1. EQUATIONS OF THE MODEL
\. General Forms of the Eguaiions

In the spherical surface coordinates, (. A, z, ¢}, the governing equations of oceanic

general circulation may be written as,
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Here § is the salinitylin gm ~kg). p and p, are the density of sea water and its
veference value respectively, 2y is the coefficient of thermal expansion of sea waler, k 1sthe
vertical eddy viscosity coefficient, and Ay and A, are the lateral eddy diffusivities of mo-
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mentum and heat respectively. The delta in (2) and (3) can be 1 or 0, and the case =0 im-
plies that the vertical diffusivities should be replaced by the convective adjustment once a
unstable density stratification occurs (Bryan, 1969). The other symbols are the same as those
used in the IAP AGCM (Zeng, et al., 1987).

The equations are based on the following three important approximations, ie.. the
Boussinesq approximation, the hydroslatic approximation and the closure approximation for
small—scale motions based on the turbulent viscosity hypothesis, and have the similar form to
the most of the oceanic general circulation models in the world except the compressicn effect
on the temperature being included. In order to utilize the finite—difference schemes and nu-
merical techniques applicable to general geophysical fluid developed in IAP, however, we
shall make some [urther Lreatments of Lthe above governing equations in a similar manner 1o
that used in the JAP AGCM.

2. Perturbed Thermodynamic Variables

There are four thermodynamic variables in (1)—(6). i.e., T, S, p and p, in which
p and p are more than three orders of magnitude greater than that of the atmosphere.
What are playing a practical role in oceanic motions are, however, only the departures of
these variables from their certain “standard” status. In order 1o avoid the computational error
caused by using the original thermodynamic variables, we introduce a set of perturbed varia-
bles as follows, -
T'=T(8,4z0)— Tz
5 = S(hAz.ry — S,
Lp" = pf.4.2,0) — Bo),
o = p(0.Aa = Bla,
where  T(z), §(z). #(z) and p(z) represent certain standard vertical distributions of
T. S, p and p respeclively (Zeng et ak.. 1983). In general, the state equation of sea waler (5)
is a rather complicated nonlinear equation (e.g.. see Eckart, 1958). For the purpose of the
simulation of oceanic circulation, however, a suitable approximation of (3) is

(7

2 T4a,s. (8)
)
where a; and x; are the known functions of height =. As a matter of fact, Bryan—~Cox for-
mula {Bryan and Cox, 1972) is just such an approximation. Moreover, the use of (8) provides
special forms of Tiz). §(z) and p(z) as well. The standard disiribution of pressure, pz).
can be found from the hydrostatic relation and the pressure continuily condition at the sea
surface:
ep -
L= @
B =7,
where p_ is the standard sea surface air pressure. Thus. we have the hydrostatic relation in
perturbed form as follows,

—
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0 .
-(f:" = —-p8. (10

The pressure gradient term in the momentum equation ¢an also be replaced by the corre-

sponding perturbed form, i.e.,

~Lyg,-- Loy (1

By taking into account of the role of the standard stratification on the perturbed varia-
bles, the thermodynamic equation (2) and the salinily conservation equation (3) may be

rewritten as,
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3. Transformations of Coordinates and Variables

Table 1. Statistics of Ocean Depth (based on 4 x 5 dala)

Depth{m) Number of Points Percent
(-6000 2132 100.00
1004 - 600 1485 90.20
(-30 15 : 0.70
S0—-100 16 0.75
100—200 32 1.50
200-500 70 328
5001000 62 291

The realistic bottom topography of the world ocean is rather complicated. (See Gates
and Nelson, 1975). It has been pointed out that the usual sigma coordinates, which are very
popular in atmospheric models, may break down in wortld ocean models because the varia-
lions in topography are comparable to the depth of the fluid itself{Semtner,1986).
Fortunately, the data statistics of the world ocean depth shows that the depths of more than
90% of the ocean grid points are greater than 1000 meters (see Table 1). As the first step of
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developing [AP world ocean model, therefore, a modified bottom topography and a slightly
idealized geography are presented, for which the conventional sigma coordinates are feasible
(see Fig.l and 2). Furthermore, a special hybrid sigma coordinate will be developed for the
acean model with more realistic geography and topography.
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Fig.l. Model peean depth.
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Fig.2.  Vertical arrangement of variables in the sipma—coordinate system.

For the currenlt version, the sigma vertical coordinate is defined as,
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“u Z

o, H

= (z, 222 — H). (16)
where z,=z 0, 4, ) is the elevation of the sea surface, that is one of the prognostic varia-
bles of the model, and H= H{(f/, 4} is the depth of the bottom.

Additionally, the method of variable substitution, preferable to design energy-conserva-
tion finite—difference schemes{Zeng and Zhang, 1982), is also used in the ocean model.

Let

‘P=ypgH,

g
C7 =Cr{: E\{f };T " (17)
T

and
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where ;>0 and 75>0 have been assumed. The equations of the model in coordinates
(#, 4. o, 1), with certain reasonable approximations, can be derived as,
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where L(F)= Y L, (F) is the nonlinear operator, and 2, a; 2. ff, ¥. ¥; and &, are

some flexible coefficients (Zeng and Zhang, 1987). In this paper, a certain kind of selections of
the flexible coefficients will be used in developing speed—up algorithm for the ocean model.

. BOUNDARY CONDITIONS AND ENERGY RELATIONS
1. Boundary Conditions

The boundary conditions fall naturally into twa groups: (1) active or interactive bounda-
ry conditions at the sea surface. which is the interface between the ocean and the atmosphere
and the continuity of pressure, stress, heat flux and salinity flux are required across this inter-
face (Zeng, 1983); and (2) passive lateral and botlom boundary conditons, which determine
the complex geometry boundary of the flows generated.

The sea surface is a free boundary, subject lo the kinematic boundary condition given
simply by

al _, =0 (29
and the elevation of the surface, z,(8. 4, #), can be directly predicted by the model. Unlike
most of the current QGCMs in the world, the surface gravity wave is not excluded from the
model by the rigid-lid approximation (Bryan,1969}. The restriction of the model’s time step
due to the presence of the high—speed waves, however, can still be relaxed by the technique of
the flexible coefficients.

The pressure continuity condition ai the surface may be given as,

.D"’nf.o:pfh +p,(|' (26)

where p’ =p —p, and p; is the sea level air pressure.
Al the surface, the main mechanisms driving the ocean are introduced in terms of fluxes
of momentum, heat and salinity, hence the corresponding boundary conditions are as follows.
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where T is the surface wind stress, £ the surface downward heat flux. and & the muss
flux across the surface {in kg./ m’s) that will depend on the difference between the evapora-
tion and precipiation rates(Crowley, 1968). For fully coupled atmosphere—ocean models. T,
and G should be determined by both atmospheric and oceanic variables at the surface ac-
cording to the bulk aerodynamic method{Zeng, 1983). In the simulations of the annual mean
oceanic general circulation, which will be described in Section V, however, T will be given
by using the observational apnual mean wind stress (Han and Lee, 1981), and F will be

taken as a simplified formula:

F=poe T, —~T,) (30}
where T, is the observational annual mean sea level air temperature, T, the model’s "sea
surface temperature” and 1 a relaxation factor with a scale of velocity (Bryan et al.. 1979).

At the bottom. we have

é _ . =0 3y
v - 4
fg e 0, (33
e 3
E;_(T' S)”: |-0‘ (33)
At the side walls,
v | =0, (34)
T
and 2
PR =, (35)

r
where T is the lateral boundary and # represents the direction normalto I

2. Energy Relations and Available Energy Conservation

So far, we have oblained a set of fundamental equations of the ocean model, which is
very similar to that of [AP AGCM(Zeng et al, 1987}, Therefore the integral properties, which
should be maintained in approximate computalions Lo avoid the false source or sink of mass
and energy (Zeng and Zhang, 1987), can be derived immediately and the concept of the avail-
able energy can be introduced into the ocean model as well. which might be particularly useful
because of the dramalic difference of the magnitude of order between kinematic energy and
potential energy.

With the boundary conditions (25), (26) and {31)—35}, the equalions of the model
(19)—{24) possess {ollowing integral properties,

a *
JJ f°d$zo. (36)
s |28y

where S represents the ocean area and dS=a’sin0d8dl;

(1) Total mass conservation

{2y Quadratic conservation of advective terms
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J. JJ F - LiF)dSdo =10, (37
B

where F maybe ¢/, F, ® and ©.

(3} Relutions of energy conversion
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where p’ in(26) has been ignored.
Defining the available energy density as

"

_ ok 2 2 1 ,
¢ =£[Iﬂ P ) +;:(pD)J* 29)

we shall have the conservalion of the gross available energy:

;%j “ ¢, dSda = 0. {40)
1 hY

if all the driving terms, dispersive lerms and the terms related (o verlical variation of
stratifications are ignored in (20) and (21).

V. NUMERICAL SCHEMES
1. Arrangemer: of Variables

In the vertical direction, 02> a2 — 1, the model ocean is divided into four unevenly
Iayers(see Fig.2) and prognostic variables, &, ¥, &, @, and the diagnostic variable p° are
carried on the intermediate level of each layer, and the other two diagnostic variables, ¢ and
g on the layer interfaces (see Fig.2).

On every level, the scope of the world ocean is discreted by using the so—called C—grid
svstem{Arakawa and Lamb, 1977} with the grid resolution of Af=4" and A.=5°.For
the convenience to handle the rigid—wall boundary conditions, the variables are arranged in
such a way that the ©/u) points are at the centers of the mendional faces of gridboxes and
Fiv; points are at the centers of the latitudinal faces and all the other variables are carried on
the centers of gridboxes.

2. Spatial Finite—Difference  Schemes

All the finite~difference and average operatars developed for IAP AGCM can be used in
the present ocean model without any modification. For details, see Zeng and Zhang({1987)}.

3. Time Integration Schemes
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The leap—frog method and Shuman’s PGF average technique are used for all the pro-
cesses in the model except for diffusive processes. To remaove the time splitting that occurs
slowly with the use of the leap—frog scheme a forward timestep is inserted at every model’s
month.

For the diffusive processes, the simple forward timestepping is employed.

AMNUAL MEAN SIMULATION

Driving Flelds, Exiwernal Parameters and Initial Conditions
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Without taking into account of the variation of salinity temporarily, three external forc
ing fields, i.e.. the wind stress 7. air pressure and temperature at the sea level are concerned
in the present annual mean simulation(see Eqs. (27}, (26) and {30}). Fig.3—5 show the annual
mean distributions of these three atmospheric variables. There are two important external
parameters in Eqgs. (27). (28) and (30). i.c.. the vertical eddy viscosity coefficient & and the
thermal relaxation factor u, which determine the efficiency of the external forcings directly.
In the present calculations. the values of x and u are set as, «=1.0x 107 m’%™'. and
#=0.00% ~ 0.20 m  day (see Table 2).

SN r——t—— T T "'T':‘

-
K/—&uo—*’a.m 120

T8n'$0
7 205~ 18.0

EQ

LATITUDE

30s
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0 60F 1208 180 120W oW o
LOMNGITUDE

Fig.5. Observed annual mean sea level wir temperature(deg C}

Table 2. Values of Parameters in Time Period of Annual Mean Simulation

year -6 1 7-18 19-21 R

A & ] e 20 0w |

2, | 1 | | 1

2, ! i ] 1 P

I 16 176 VR !

Tz 3 1 T 1 1 {
e | ave T se . T T a2 U T
o w{ 0,03 )'\ 0.05-0.20 Tm—

= Al is the lime step (min.) of advective processes.

The annual mean simulation will start from a resting state with a flat sea surface and the
standard vertical temperature profile. Th&%lorresponding initial condition may be writlen as.

yoo=0, (41

P’g o _ 0.‘ (42]
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and
[0

¢ =0, (43)

Eq. (43) implies that the standard temperature stratification has already been established

al the beginning of integration, which would be more favourable to the downward heat trans-

port than a uniform initial temperature distribution (e.g., see Bryan et al., 1979 and Han.
1984).

2. Accelerating Convergence Algorithm

The ocean. as pointed out by Bryan({1984}, represents a broad—banded system with a fre-
quency—range order of magnitude greater than the atmosphere. The time required for the
ocean to adjust to external boundary conditions is of the order of 1000 years. On the other
hand. many of the high frequency processes (e.g., the surface gravily wave and internal gravi-
1y waves) are contained in the ocean. It is abviously impractical to force ocean models to equi-
librium by normal time integration methods. As a maiter of fact. an artificial device based on
the so—called ~distorted physics” (Bryan, 1984) has been being used for speeding up the
convergence of the solution to equilibrium in a steadily forced and frictionally controlled
ocean (Semtner, 1973. Bryn et al.. 1979 and Han, 1984). Gne of the explanations for such u
device is that the frequency bandwidth of the ocean system is reduced towards the end of low-
er frequencies, which are dominant in the band, for certain cases such as steadily forcing pro-
cesses.

Stimulated by the technigue mentioned abave, a slightly different accelerating
convergence algorithm, based on the Mexible coefficients, is used in the present calculation.
The coefficients, z, #. v 4. in Egs. (19)~(22), which should be 1.0/in & normal case, are sel
as different values in the first cighteen vears of the integration (see Table 2). In doing so. dif-
ferenl limesteps are given to different physical processes: the time steps are one hour for
adveclive processes, one sixth hour for the processes of energy conversion, and three hours for
the vertical heal transport process respectively. The basic idea of such an unsychronous time
integration technique is the same as mentioned above. However, the main features of the
present algorithm exist in the following two aspects:

(13 the unsynchronous treatment is used for not only the different equations of the
model, but also the dilferent terms of each equations, which characterize different physical
ProCesses;

(2) the us¢ of the flexible coefficients makes the present algorithm free of false
computational source and sink of energy and mass(for details see Zeng el al., 1982}

By using the accelerating algorithm, a tweniy—three year’s simulation with annual mean
forcing conditions has been performed. Fig. 6 shows the temporal variations of the tempera-
tures averaged over the sea area for all the model’s levels. 1t can be seen that the variations are
approaching to steady states. especially at the depth of 50m and 300m. By the twenty—second
year, the increase of the temperature are 3.7° C,5.0° C, 1.8 ®Cand 0.5° C for 50m. 300m.
1000m and 2000m depths respectively, Lhat implies the downward heat transport in the model
is significant during that time period.
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Fig.7 shows the simulated surface currents at the depth of 50m. In contrast te the wind
stress field. it is very clear that the Ekman transpost exerts a dominant effect on the
large—scule surface current patiern. The major western boundary intensification phenomena
can be seen in the model’s simulation although their speeds are much weaker than the ob-
served ones, The failure of the model in the simulation of some observed narrow currents such
as the equatorial countercurrents might be related to the coarse resolution of the present

model.
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Fig 8. Gecan carrent (o / 3). Depth 300m Year—13.
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Fig.h. Vertical velocity. Depth [00m Year—38.
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The subsurface currents simulated at level 2 (300m depth) are shown in Fig.8. Interesting
eguatorial features in the central and eastern Pacific and Atlantic Oceans are the
eastward—flowing equatorial undercurrents and the associated equatoriward convergence.

The vertical velocities computed at the botiom of the surface layer are shown in Fig. .
The strong upwilling in a narrow band along the equator and the downwelling immediately to
the north and south concur with the patterns of convergence and divergence at the subsurface
laver and the surface Jayer. )

The simuiated current at level 4 (2000m} are dispiayed in Fig. 10, in which one of jnter-
esting features is the weslern boundary countercurrents with respect to the surface boundary

current.

LATITUDE

B60E 120E 180 120w 6OW a 60E
LONGITUDE

Fig.10. Ocean current fem / sp. Depth 2000m Year—23.

(2)  Temperature

Fig. 1] shows the simulated surface layer temperature in the twenty—second year. It 1s
clear that the formation of the sea surface temperature is mainly concerned to the process of
the linear response of the sea temperature 1o the sea level atmospheric temperaiure {see Fig.53).
The small-scule noise appearing in the northern and southern boundary regions(see Fig. 11}
might be due to the lack of suitable filtering device in the present model.
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Fig.12. Seu surface elevation incm. Year—22.

The simulated sea surface elevation is shown in Fig.12. The highest region of the eleva-
tion is in the west Pacific Ocean and the lowest region is around the Antarctica, It is notable
ihat the order of magnitude of the available surface potential energy determined by the sur-
face elevation is the same as that of the kinematic energy. We speculate, therefore, that the ef-
fect of the pressure gradient caused by the fluctuation of the sea surface on the surface layer

currents is not ignorable.

The present rescarch work was peeformed during the authars’ visit in the Laboratory for Planetdry Almospheres
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