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ABSTRACT

A new oceanic general circulation model in pressure coordinates is formulated. Since the bottom pres-
sure changes with time, the vertical coordinate is actually a pressure—¢ coordinate. The numerical solution
of the model is based on an energy—conservation scheme of finite difference, The most important new fea-
ture of the model is that it is a truly compressible ocean model and it is free of the Boussinesq approxima-
tions, Thus, the new model is quite different from many existing models in the following ways: 1) the exact
form of mass conservation, 2) the in—situ instantaneous pressure and the UNESCO equation of state to cal-
culate density, 3) the in—sitn density in the momentum, equations, 4) finite difference schemes that comserve
the total energy.

Initial tests showed that the model code runs smoothly, and it is quite stable, The quasi—steady circula-
tion patterns generated by the new model compare well with existing models, but the time evolution of the
new model seems different from some existing models, Thus, the non—Boussinesq models may provide more
accurate information for climate study and satelfite observations,
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1. Introduction

Numerical modeling of the oceanic general circulation has come a long way, and it is
now commonly accepted as a very important tool in understanding the oceanic circulation
and climate. The first successful oceanic general circulation model, which is formulated in
z—coordinates, was developed by Bryan (1969), Several major assumptions used in the model
belong to the so—called Boussinesq approximations, which were first proposed by Boussinesq
(1903) about 100 years ago. In a study of the thermally forced motion in a non—rotating sys-
tem, Boussinesq argued that the density variability is generally very small and negligible, ex-
cept in the buoyancy force term in the momentum equations. As a result, the mass continuity
equation may be replaced by an equation of volume conservation.

Since then, Boussinesq approximations have been proven quite accurate for many appli-
cations, and these approximations are widely used in oceanic general circulation models,
Many theoretical and numerical models have been developed based on the Boussinesq ap-
proximations. The theoretical reasoning of the Boussinesq approximations has been discussed
in many papers, e.g., Spiegel and Veronis (1960), Mihaljan (1962), and Zeytounian (1989),
However, most of these studies were focused on the scaling analysis of the non—rotating sys-
tem, without paying much attention to the difference in the time evolution of the adjustment
processes in a rotating stratified ocean. As will be shown in this study, rotation and
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stratification in the ocean profoundly affect the adjustment processes of large—scale motion in
response to thermohaline forcing anomalies.

Nevertheless, there has been concerned that the Boussinesq approximations may induce
certain errors. First, replacing the mass conservation with an equivalent velume conservation
can lead to faulty signals in the free surface elevation and bottom pressure, In the ocean, heat-
ing induces an upward lift of the sea surface, but it does not change the bottom pressure. On
the other hand, heating a Boussinesg ocean does not directly affect the local free surface ele-
vation, instead it induces a negative bottom pressure anomaly that can lead to a global ad-
justment process. As a result, the induced large—scale velocity convergence may eventually
push the sca level upward. Thus, although the sea level at the site of heating may eventually
rise after a time delay, the dynamic processes induced by these faulty signals in sea surface el-
evation and bottom pressure may be quite different from those in the oceans,

Furthermore, the Boussinesq approximations may cause faulty energy sources and ener-
gy transformation processes. Since the term representing the total derivative of density is dis-
carded from the mass conservation equation, the direct transformation between the mechani-
cal energy and internal energy is completely cut off during the diabatic process. Furthermore,
the non—divergent approximation can lead to artificial sources of mechanical energy, For ex-
ample, in the real oceans surface heating drives up the sea surface and thereby increases the
gravitational potential energy. However, in a Boussinesq ocean volume is conserved, so heat-
ing leads to a decline in mass and the gravitational potential energy. Thus, it is clear that the
application of the Boussinesq approximations violates the energy conservation law, although
the influence of such approximations on the simulation of the ocean circulation remains
unclear,

Up to now, many studies have been carried out on the evaluation of the difference be-
tween the Boussinesq models and non—Boussinesq models in the simulation of sea level
changes (Greatbatch, 1994; Mellor and Ezer, 1995; Dukowicz, 1997). They all came to a simi-
Iar conclusion that the difference in sea level changes is rather small between the Boussinesq
models (assuming a global correction term to compensate the loss of mass) and the
non—Boussinesq models, although there are small differences for some locations within the
global domain (Dukowicz, 1997). . ‘

Since the Boussinesq approximations, in particular the non—divergent assumption, have
inherent defects, we believe that a truly compressible ocean model may behave differently
from the Boussinesq ocean model. In order to find the answer to this question, we have devel-
oped a Pressure Coordinates Ocean Model (PCOM hereafter), The advantage of pressure
coordinates is that the continuity equation has a rather simple form in this coordinate system,
s0 the numerical treatment in this coordinate sysiem is relatively simple. In fact, pressure
coordinates have been widely used in the study of the atmospheric circulation. Since the bot-
tom pressure changes with time, the vertical coordinate is actually a pressure—o coordinate.

Our model treats seawater as a fully compressible fluid. The calculation of density is
based on the exact equation of state, as defined by UNESCO, and the time—dependent dy-
namic effects of pressure on density are included in the model. Dewar et al. (1998) showed
that if the equivalent time—independent pressure is used in the density calculation, notable er-
rors may be introduced. For example, it can introduce an error of 358v in the vertically inte-
grated mass flux in the Gulf Stream recirculation region. This means that the effect of pres-
sure variability on the density calculation cannot be neglecied. In addition, the horizontal
momentum equations in PCOM are exact, without using the approximation of replacing the
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density with the mean density. So the model will be capable of simulating the meso—scale ed-
~dies more accurately,

Since the model is based on the exact form of mass conservation (actually the continuity
equation is converted to the so—called bottom pressure tendency equation), total energy is
conserved in the model. More importantly, the model eliminates the faulty source / sink of
mass existing in the Boussinesq models due to surface thermohaline forcing or internal
mixing. {The faulty source / sink of mass will give rise to a distorted pressure gradient force,
thus, it may finaily distort the adjustment processes in the model oceans). Since the new mod-
el follows circulation physics more faithfully than many existing models, we expect that the
new model can simulate the time evolution of the adjustment processes more accurately.

Furthermore, since bottom pressure is a prognostic variable, the bottom pressure data
obtained from the new high accuracy gravity sateilite mission can be assimilated into the
model, thus substantially improving the model’s ability to simulate the oceanic circulation.
On the other hand, although bottom pressure can be diagnosed in the Boussinesq models,

‘their dynamic interpretation is unclear because the sign and the time evolution of the bottom
pressure from such models are distorted, primarily due to the faulty source of mass.

The paper is organized as follows: The basic equations and the boundary conditions in
PCOM are discussed in Section 2. The finite—difference and time splitting integration scheme
are discussed in Section 3. In Section 4 the model is tested for the case of purely haline forcing
in order to check the stability of the model code in dealing with the freshwater flux entering
the ocean from above, and the ability of the model to adapt the natural boundary condition

~‘for salinity. The comparison of PCOM with an equivalent Boussinesq model in the simulation
of the quasi—equilibrium state under wind stress and thermohaline forcing is discussed in Sec-
‘tion 5, In addition, we will discuss the differences in the time evolution between these two
models under anomalous thermal forcing. Section 6 provides the conclusion,

2. Model formulation

2.1 The basic equations -

The horizontal momentum equations in spherical coordinates are

du_ 1 dp
dt S apcos@@)._l_D”’ W
av_ _ o 1p
dt fu ap(39+D"’ @)
where
i_~2+u6+vé‘+6 3)

dit 3t acosBéi a0 Voz
a is the radius of the Earth, ¢ is the latitude, A is the longitude, u and v are the zonal and

0 is the apparent Coriolis parameter,

. meridional velocity components, f* = 2Qsind + ut

p s density, p is pressure, D, and D, are the frictional forces per unit mass. For large—scale
motions, the vertical momentum equation is reduced to the hydrostatic relation

) .
£=—pg. )
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The mass conservation equation is

%%\g+acésﬂ(g—z+%—388)+%§=o’ ()
where w= % 1s the vertical velocity.
The equation of state of sea water is
' p= p(T.S,p), (6)

where T is potential temperature, S is salinity. In this model we use the UNESCO (1981)
equation of state, modified by Jackett and McDougall (1995), using potential temperature as
an independent variable, Note that during reversible adiabatic processes both potential tem-
perature and salinity remain constant, so density changes are due to pressure changes and
mixing. The tracer conservation equations are ' '

dT

PR AR (7}
ds _ | |

G Es @)

where ¢ ;. and'g ¢ represent the sub—grid mixing parameterization terms,
22 The préssure—a coordinates

- Qur model is formulated using pressure as the vertical coordinate, Since bottom pressure
varies with time and space, the normalized pressure—¢ coordinates have therefore been
adopted in this model, which is defined as

P— By
o= ——

o PuT PR, ©)

where p, is the bottom pressure and p, = p, (4,0,¢) the atmospheric pressure specified at the
sea surface; o= 0 at the sea surface and o= 1 at the bottom, The prognostic equations in the
pressure—o coordinates are ' '

s (RSB0 w
2~ —f‘*u—i(g—gj“l+ L) oW
%’L+ L(@y)=0, -

apaL;T+ L@uD=psar . | 13)
LS+ £y )= pricrs - (14

where
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d_ 0 u_ 0, vad 6 .
dt ot + acosf ¢4 ty a df 0 % {15)
— 1 (uu Ourcosd, ous
L= acosﬂ( + a9 )+ fe (16)

& is the virtual vertical veloc1ty, (j) gz the geopotential height. Eq.12 is the bottom pressure .
tendency equation, which is actually the continuity equation in pressure—s coordinates. Note -
that the tracer equations have been rewritten in the flux form with the aid of the continuity
equation, so the prognostic variables are p,, T" and p,, S rather than T and S in order to keep
the total tracers conserved in the numerical model.

The diagnostic equations for ¢ and q) are

=gz, + f Po 4 (17)
S 0Py 1 [/ 0pyu , Op,veosh
P06 PpGlo-g= 0 at acosf o ( ax g of )da ) (18)

The equation of state is the same as Eq.6.
The viscous terms and the diffusion terms in the current version of our model are
parameterized in terms

D, —p—b!—vg By Ay Vot 56 (ppz: Av%)
-, (- ;:gjggg) a9

ngv 4 A hvav)+££(%,4,,g—;)
- (e )
dr= ;;‘Va @y, Vo T LE‘%( pjz Kvg—z;) , (21)
as=ﬂvg K, WV, SIt Eb_@_(%f_x”%) (22)

where

PRV, W)= —12"586117,,,% ja%pb, xcos@ 20 (23)

in which 4, and A4, represent the lateral and vertical viscosity, x, and x, represent the lat-
eral and vertical d1ffus1v1ty, respectively. Here we assume that lateral mixing of a iracer is
along the pressure—o surface. In the next step, we will replace this simple parameterization by
mixing tensors rotated to the local isopycnal coordinates, so that the mixing in the model will
more closely follow what happens in the oceans.

In order to form a set of finite difference schemes that conserve the total energy (Zeng
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and Zhang, 1987), we introduce a “ pressure weighted” horizontal velocity V

V= (U V)= Py uPs v) . 24)

Note that %V * V represents the kinetic energy per unit volume in the pressure—o coordinates,

Maultiplying by «j 7y and with the aid of the continuity equation, the momentum equations

are reduced to

U _ o AP (acp 10p o

_af +M(U)_f v acosB aj‘_'_pa;{)-i_ Py Du » (25)
v g NPu (6D 1dp

M= - S U= (69+p69)+ 70 D, (26)

where M is an advection operator

1 (dupy udu 6vcos€,u_gfivcos€) (%_M_Ea_&)
acosB( 2. 2aA @ 2 a8 J' : @

M ()= do 2 g

2.3 The boundary conditions

At all side walls and the bottom, velocity is zero and there is no heat nor salt flux across
the bottom or the lateral boundaries. At the sea surface, (o= 0) the kinematic boundary con-
ditions are

Py b= — P‘ngE—P 5 (28)
2
MAva—”= —1, (29)
pb: 60'
2
p’g , ov _
B =1, (30)
P da ¢

where Fp_ , is the rate of evaporation minus precipitation; g, is the density of fresh water; 7,
and 7, represent the zonal and meridional components of the wind stress, Note that the river
runoff can be combined with evaporation minus precipitation,

The turbulent mixing for temperature at the sea surface is

2
pg o _ _ By
w00 C, ey

B

where Fy is the air—sea heat flux, C, is the heat capacity of sea water.

The natural boundary condition for salinity (HHuang, 1993) in the pressure—o coordinates
is a combination of the kinematic boundary condition (28) for the continuity equation and a
flux condition for the salinity balance

2
o8 : :
%;ng”é;: — 80 Fg» (32)
!

where §, is the salinity of the top layer. Note that the turbulent salt flux below the sea surface
exactly balances the vertical salt advection induced by evaporation minus precipitation, so
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that the total salt flux across the air—sea interface is zero, The freshwater flux due to precipita-
tion enters the ocean through the specification of the kinematic boundary condition (28), and
it leads to a dilution of salinity in the ocean.

3. The finite—difference schemes

3.1 The spatial finite—difference schemes

The grid system is a rectangular Arakawa staggered B—grid (e.g., Bryan, 1969) con-
taining 7" cells and I/ cells. The T cells are arranged at the integer grids where tracer quanti-
ties are defined, and the U cells are arranged at the half—integer grids where the horizontal ve-
locity components are defined. The vertical velocity & is defined on the interfaces of the
T cells (ie, at levels ¢, ,,, ), and the geopotential height ¢ is defined at the middle level of
the T celis (i, atlevels o, ).

The numerical model is based on the energy—conserving finite—difference schemes by

Zeng and Zhang (1987), Accordingly, we introduce the following notations for average and
difference at the half—integer grids and integer grids

(Fiw1/2= For— Fr _ (33)
= 1
(F )[+1/2=5(F1+1+Fl), (34)
@, F)y=Fpy1p0— Fryyg (35)
— i
(F )= E(F[+1/2+ Fioys2), (36)
as well as at the half—integer levels and integer levels
Fodiv1/2= Fra1— Fp (37
(F )k+1/2=§(Fk+1+Fk) , (38)
O Fe= Fro1,2= Fre 12 (39)
& )k=§(Fk+1/z+Fk—1/z) , (403
integrating vertically, the surface pressure tendency equation may be rewritten as
D by 1 I B R —
[6_1 = acosh; A 0ifUs + 5500 PV geost = pegFp_p (1)

: — 1 1 '
where P=p, " Uz= J Ude, V3= j Vdo, Al and A§ are the zonal and meridional
0 0

resolution respectively. This scheme guarantees total mass conservation, if there is no net
freshwater flux across the air—sea interface over the whole model domain.
The diagnostic vertical velocity is
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] apbz 1
[po 6l = [p(}gFE— R Py

k -
Z(AAEAPU + Aﬂé PV cost )Bak] , (42)

J k=0

where §o, = 6,4 1,,— 04—, Is the vertical resolution at the k—th layer.
The momentum equations may be expressed by

[%q} =[—MUW ' V+ )+ 2P+ PD,], 43)
t it 1/2, j+1/2, &k
E = [~ M)~ 1 U+ A+ 52+ PD,, (@4)
! i+ 1/2, jF1/2 k
where the finite—difference scheme of the advection operator is
3
M= 2L £,W, (45)
n=1
‘ _ 1 —A—i —l] (46)
(£ 12 54172k 2acosd, 1/2Al[2(u By~ gyl s
P IR SR ¥t A — 47)
FL, iy 1/2, j+1/2, & 2acosh, 1 ,, 09 [2(vcost p )y — uvcostyl
1 — -7
[£3(“)}i+ 172 j+1/2, k ‘z‘a[zég(glﬁ# )= #%Ww] s (48)

where u= U / P,v="V / P. Note that I/, ¥ are the prognostic variables and the real veloci-
ties # and v are diagnostic variables.

The pressure gradient terms in the monentum equations are
[Pd)l s (49)

[ (l)] .
R dierrogt /2™ acosﬂ+1/2Al

S Rp—
[Wt(al) 125 172k m[ﬂpe 1, (50)
[=], : = —ml———[Pa 7.1, G
A b 124172k acost, 1,4 AA 1
@Y1 1251 120 = ok P22, ] (52)
0 lit1/2j+ 172k~ SAp Pg 1,
where a= p~ ! The viscous terms are
1 l: 1
PD,= A, b,u), + —cost; A, dqu) :[
Pa’cos 6‘]“/2 INE 7 (o o) Agz it 12P0 Apdgudy

- U,
I (p g )
do, \ Pu Ao/,
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1— tan’8, 2tand, —
+Ah( 2ﬁrl/z U— P— T 1/2 V,IA): (53)
a a“costy o AL
PD, = s [ 12(p,,,AhesAv)pLLcoso.ﬂ,z(pbtAhagv)G]
Pa’cos® 8, 4,y LAA AR? /
12y
N Lga(%& )
50_1’5 pb! AO_ k
1— tan’0, 2tand, —
+Ah( Sy p— 12 uil)_ o (54)
a a“costl . AL
The tracer equations are
ap,, T
[ £ = } = — ADV(T)+ DIF(T) , (55)
t iik
op,, S
[ & } = — ADV(S)+ DIF(S) , (56)
d igk
where
— 1 i ot =4 ml_ Ferer ]
ADV ()= acost, [Alé’l(PU i)+ 0 §,(PVcost” i ):’
1 .—a '
5o, O Pudt i (57)
1 1 cosf;
DIF(u)= _——[_5 K +—15 i, cosll . ):l
(u 02(308281 IVE PGPS, IVE o @b 1 e
1 P28'2 Ho )
— 0, ——r,—= ] . 58
do, "(pr "Ao /. (58)

It is easy to prove that total salinity is conserved in this model. On the other hand, total
potential temperature can be conserved if there is no net heat flux across the sea surface,

Furthermore, it can be shown that if all the variables are defined at the same time level
and the frictional terms are neglected, the finite—difference equations discussed above can
guarantee an accurate conversion between the mechanical energy and internal energy.

3.2 Time—splitting imtegration method

Since the model includes an explicit free surface, we therefore choose to solve the full
equations by means of a time—splitting integration method (Zeng and Zhang, 1982) to over-
come the time step limit imposed by the gravity wave processes. In other words, we will use a
short time step to integrate the geostrophic adjustment processes (Mode—I), while using a
longer time step for the advection and dissipation processes (Mode—II), and an even more
longer time step for the thermodynamic processes (Mode—TIII),

(1) Mode-—I: geostrophic adjustment process. This mode applies to the bottom pressure
tendency equation, the momentum derivative associated with the pressure gradient and
Coriolis terms. Potential temperature and salinity are kept unchanged during this phase of in-
tegration, Thus, the prognostic equations of Mode—TI may be written as
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myr1 _ ! _ 1 ONpy Uy | Oy Viycoshy T
fps ] = {ps] + 2AII)|: acosh ( R + Er ) — pr8Fg.p (59
nh+1__”b_l x[V]"b+l+[V]”b_l _ ‘ipb.l, @ l_‘?g "
W] . + A, {f 2 acosé ( A + P 61) : D
iyt L ety = 1 - [U]llp,+ 1 + m"b— 1 3 P d) 1 6p ny
et =[] +.2Azb{ f . - (ae p@) , 1)

where the superscript #, denotes the n—th time level of Mode—I; A¢, is the time step; the
overbar represents a temporal filter (Asselin, 1972} that is used to remove the computational
mode associated with the standard leapfrog scheme; U, and V', are the vertical integrals of
U and V. Here a semi—implicit scheme is adopted to deal with the Coriolis terms.

The diagnostic equations are

o1 = [p(7,8.p)]" +[§§J @I - [pI") 62)
. H "y
[ = gz, + J [&-J do 63)
_ 15

where #, represents the current time level of Mode—III, Instead of using the standard equa-
tion of state, here the density is calculated using a modified equation of state, where the densi-
ty is calculated as a linear perturbation to that calculated in n, time levels, This is a technique
to reduce the computation time required for a standard density calculation. In addition, both
potential temperature and salinity are held unchanged during the integration.

The integrations of Mode—I and Mode—II are synchronous. For example, when
Mode—II is integrated from the (n,— 1)Ar, time level to the (n, + 1)Af, time level on a
normal leapfrog time step, Mode—I will be integrated 2At, / At, steps. The Euler backward
scheme is used to the first integration of Mode—I then the leapfrog scheme is used, Note that
the integration of Mode—I produces intermediate results of U and ¥ at the (n, + 1)Az, time
level, which are named U and ¥ respectively and will be used in Mode—IL

(2) Mode—II: advection and dissipation process. The prognostic equations are

[T+ = T+ 24, {I— M@)" + D1}, (64

[U1<* 1 = P+ 24, {[~ MO + (D, '} . ©3)

Note that the Asselin temporal filter is applied to both I and V' at the n, Af, time level, ie,,
e = e e+ A Ml A+ Ll (66)

where p tepresents U or V, and «, is the temporal filter coefficient,
(3) Mode—III: thermodynamlc process. The prognostic equations for potential tempera-
ture and sahmty are

oa T1 " = [py, TV o 280, (= [£ oy, DI + Iy 017} | ©67)
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prz S]m+ T [pbz S]u,“l + 2A!t{— [£ (pbr S)]l"’ - [pbz ﬂs]ul_ 1} , (68)

where Ar, represents the time step for tracers. The integrations of Mode—III may be
asynchronous with Mode—II, if accelerating time step is used (Bryan, 1984),

Note that the horizontal velocity for tracers’ advection is taken from the time—averaged
velocity of Mode—1. Thus, if Ar, is equal to Ar,, Egs.(67) and (68) are consistent with the
bottom pressure tendency equation, In other word; if we set 7 or S equal to 1, the tracer
equations will be exactly the same as the bottom pressure tendency equation, However, if the
accelerating time step is used {i.e., A, > Ar_), the tracer equations in the flux form can lead to
computational errors; thus, we will use the following form during the spin—up phase

—_— Ty iy
m+l.  oa -1 + 2& NPy U arm _ prt V. g
g “ Py acosf  dA a 80
0 3T .
_szar 20 +[pbrlﬁ'T]1 1} ) (69)

where u represents the tracers,
4. Experiment with idealized forcing of evaporation and precipitation

As a test for the model's ability to simulate thermohaline circulation in the oceans, we
carried out an experiment in which the model ocean is driven by specified evaporation and
precipitation, This experiment can help us to see whether the model can reproduce the theo-
retical solution of the Goldsbrough--Stommel circulation driven by evaporation and precipi-
tation. A similar simulation of the three—dimensional circulation driven by evaporation mi-
nus precipitation was discussed by Huang (1993). In his model the natural boundary condi-
tion for salinity is applied to a modified version of the Bryan—Cox model, which is a
z—coordinate mnodel based on the rigid—lid approximation.

Our model basin is configured as a simple flat—bottom box extending 60° in longitude
and from the equator to 60°N, The horizontal resolution is 4° X 3° in zonal and meridional di-
rections. There are 15 ¢ layers vertically with thicknesses 0.0044, 0.0071, 0.0123, 0199, 0.0296,
0.0408, 0.0532, 0.0662, 0.0793, 0.0918, 0.1034, 0.1134, 0.1214, 0.1271, and 0.1302, gradually
increasing downward,

In a close comparison with Huang (1993), we chose the same parameters: the horizontal
viscosity and diffusivity are 4, = 1% 10° em®s™ and x, = 1% 107 cm®s! the vertical
viscosity and diffusivity are 4, = x, = 1 cm’ s™'. We also assume simple linear (weighted by
the cosine of the latitude) profile of evaporation minus precipitation

FE_,,=Z—S°9(1-—2-@), (70)

where W= 1 m yr™' is the amplitude of evaporation, 8 is the northern boundary, Note
that the net freshwater flux is zero within the whole basin.

The model is spun up from an initially homogeneous state of rest with a uniform salinity
of 35 psu and temperature of 12.5°C. Since the pressure and density distributions for the given
temperature and salinity fields are unknown, the model is first initiated to find the corre-
sponding pressure and density distributions for a 5600 m—deep model ocean. The spun—up
experiment went very smoothly, indicating that our numerical schemes are quite stable,
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B80°N

30°N —
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Fig. 1. The Goldsbrough—Stommel circulation driver by evaporation minus precipitation.

After 700 years integration the model is very close to a quasi—equilibrium state, and at the
end of 5000—year integration, the model reached a steady state. '
The model is capable of reproducing the barotropic Goldsbrough—Stommel gyres, as
shown in Fig. 1. There is an anticyclonic barotropic gyre in the northern basin, driven by the
precipitation, with a maximum streamfunction of about 0.7 Sv. Correspondingly, a cyclonic
gyre appears south of 37°N with the maximum value of 0.4 Sv, about 0.1 Sv larger than that

of Huang (1993).
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Fig. 2. Surface salinity anomaly obtained from PCOM, units are in psu.
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Fig. 3. Meridional overturning streamfunction, obtained from PCOM, units are in Sv,

The sea surface salinity anomaly (deviation from 35 psu) is also reproduced well (Fig, 2),
A small positive salinity anomaly appears in the southeastern corner where the saline bottom
water is formed. Except for the narrow regime of bottom water formation the surface salinity

.anomaly is negative everywhere, which indicates a halocline developed within the rest of up-

per ocean. The amplitude of the surface salinity is consistent with the scaling analysis sug-
gested by Huang and Chou (1994),

The meridional overturning cell is in a haline mode with sinking near the southeastern
corner and basin—wide upwelling (Fig. 3). Because the Coriolis forcing is quite weak within
the region of deepwater formation, a small zonal pressure gradient can support a sirong
meridional current and lead to a strong meridional overturning cell at low latitudes. The max-
imum meridional overturning rate reaches 120 Sv, slightly larger than that reported by Huang
{1993),

In conclusion, our new model has successfuily reproduced the thermohaline circulation
driven by evaporation and precipitation. The numerical results are consistent with the theoret-
ical Goldsbrough—Stommel circulation and the previous numerical results obtained from a
z—coordinate model based on the rigid—lid approximation.

5. Comparison with an equivalent Boussinesq model

5.1 Equilibrium state

In this section, we will compare the modeled equilibrium states obtained from PCOM
and an equivalent free—surface model based on the Boussinesq approximations, For the sake
of convenience, we name the latter the Boussinesq Compromised Ocean Model (BCOM here-
after). In order to make the model comparison as close as possible, these two models are
based on almost exactly the same equations and finite difference schemes, except for several
changes. Note that although these changes seem ntinor, their impact on the model’s ability to
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simulate the oceanic general circulation might be substantial, as will be shown in this study,

The BCOM is represented by a modified PCOM code in which several switches are
turned on: (1) Reset p,, = pgh, where p is a constant, A= %, (1,6)+ 5(4,8) is the total thick-
ness of the ocean, » is the free surface. Thus, the bottom pressure tendency equation is now
switched to an “almost” equivalent equation for the free surface elevation, Furthermore, the
mass conservation in PCOM is now turned into a volume conservation in BCOM. (2) Replace
density p by p in the momentum equations and diffusion terms: (3) Adopt a fixed pressure in
each grid for the calculation of density, i.e., p= plT,S,p,(4,0,6)], where pressure p, is set to
the initial pressure at each grid and thus the pressure perturbations due to dynamic processes
are excluded a priori.

Neote that BCOM is a model based on ¢ coordinates, For the present case with no bot-
tom topography, it is very close to a z—coordinate model. Note that BCOM is similar to many
existing oceanic general circulation models based on the Boussinesq approximations, such as
the free—surface modification of the Bryan—Cox model by Killworth et al. (1991), the
g—coordinate model by Blumberg and Mellor (1987), and the s—coordinate model developed
at LASG (Zhang et al., 1996).

In our experiments, both PCOM and BCOM are forced with the same wind stress and
thermohaline boundary conditions on the upper surface, including: the annual-mean
global—zonal-averaged wind stress (Hellerman and Rosenstein, 1983); a linear profile of sea
level atmospheric temperature 7, = 25(1— Hi) °C; and a linear (weighted by the cosine of

N
the latitude)} profile of evaporation minus precipitation given by Eq.70 with W, = 0.5 m yr,
The horizontal resolution and sub—grid mixing / dissipation parameters are the same as those
used in the previous freshwater—flux experiment, except for «, = 0.3 cm® 57!, a value that is
now commonly used in the numerical experiments of thermohaline circulation,

With the above prescribed forcing at the sea surface, the two models are spun up to a
quasi—equilibrium from the initial rest and homogeneous states with temperature of 6°C and

fpcone (CM) Mpcom ~ Mecom  {cm)
60°N ! l 1 I I
BN - — L
{a) (k)
0 1 I | I | I
60°W -30°W O°W  B0°W, 30°W 0°W.

Fig, 4, The quasi—equilibrium states obtained from PCOM and BCOM, in cm. {a) sea surface ele-
vation, subtracting the basin mean, obtained from PCOM; (b) the difference in sea surface eleva-
tion obtained from BCOM and PCOM.
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salimity of 35 psu. The sea surface elevation and the difference obtained from these two mod-
els are shown in Fig. 4, Note that during the spin—up process there is a basin—wide decline of
sea surface elevation in the PCOM due to cooling of the deep water. At the end of the
5000—year integration, the basin mean sea level in PCOM is 2.01 m below the initial level. On
the other hand, the basin mean sea surface elevation in BCOM remains unchanged because
the model conserves the total volume rather than the total mass. The sea surface elevation
produced by PCOM, after subtracting the basin mean surface decline, is shown in Fig. 4a. A
sea surface elevation maximum appears near the western edge of the subtropical basin where
both the wind—driven circulation and the surface thermal forcing contribute to the formation
of the sea surface elevation maximum. There is a general decline of the sea surface elevation
toward high latitudes where the surface cooling leads to dense water and thus lower sea suzr-
face elevation. Subtracting this 2.01 m drop in the basin mean sea surface elevation, the dif-
ference in sea surface elevation between the two models is relatively small, but noiable, (Fig.
4b). The largest difference is near the northern boundary. At the middle of the northern
boundary where the sea level in PCOM is about 2.5 cm lower than that obtained from
BCOM, and at the northwestern corner sea level in PCOM is 1.5 ¢cm higher than in BCOM
Such errors in the free surface elevation is not negligible.

In general, at the quasi—equilibrium state with relatively low resolution, the temperature,
salinity, and current distribution obtained from these two models are similar, It seems that in
terms of simulation of the equilibrium state, the errors induced by the Boussinesq approxima-
tions are small in general. However, these two types of model may give rise to noticeably dif-
' ferent solutions in some local regions, and we speculate that the difference in these special dy-
_namic regions will increase as the model’s horizontal resolution increases, More importantly,
_ '_ as we will discuss in the following section, these two models may behave quite differently dur-

ing the transition from one state to another,

5. 2 Adjustment process

As mentioned in the introduction, the essential difference between the two types of mod-
els is that the Boussinesq model replaces the mass conservation with volume conservation,
and thus not only violates mass conservation but also distorts the energy conservation law. In
the Boussinesq model, any diabatic process will lead to faulty mass sources / sinks, and give
rise to a faulty pressure gradient force. In a rotating system, these faulty pressute signals in-
duce some artificial adjustment processes, As a result, the pathway and final state of adjust-
ment to the thermohaline perturbation can be quite different from those obtained from a truly
compressible model,
As an example, we present results from two parallel numerical experiments based on
- PCOM and BCOM. Both models were restarted from their quasi—equilibrium states des-
cribed in the previous section, For the first 10 years, we imposed an anomalous surface heat

flux of 20 W m™ over the latitude band between 45°N and 57°N. The heat flux anomaly was
withdrawn at the end of year 10. The thermal boundary condition on the sea surface is the fol-
lowing equation regulating the heat {lux through the air—sea interface

Fy= K(T',— T )+ K(AT,— AT,)+ AF(@.) (71)

where K= 40 W m2 K™; fﬂ represents the the model’s climatological sea surface tempera-
ture; AT, = T, — 770 is the sea surface temperature anomaly; AF is the imposed heat flux
anomaly; AT, is the change in atmosphere temperature, which is determined by using a
O—dimension energy balance atmospheric model, If one neglects the heat capacity of the
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atmosphere, the perturbation form of the energy balance equation may be expressed as
0= — K, AT, + K(AT,— AT,) , (72)

where K, = 2.4 W m 2 K ! is the atmospheric radiative feedback constant. Thus, AT, can be
solved as a function of AT, , The final form for the surface heat flux is

KK

A r,—r1,)

Fy (T,— T,)+ AF@.1) . (73)

e K,
Therefore, the thérmal boundary condition used here is slightly different from that used in the
spin—up experiment, In the previous case the sea surface atmospheric temperature 7', 1s fixed
(this is equivalent tc assuming an infinite heat capacity of the atmosphere); in the adjustment
experiments the sea surface atmospheric temperature is no longer fixed, instead the new at-
mospheric temperature T, + AT, will change in response to the changed sea surface water
temperature, The strong feedback guarantees that the difference in the air—sea temperature
remains relatively small, This boundary condition is actually equivalent to coupling the
oceanic model with an energy balance model for the atmosphere (Zhang et al., 1993). The ap-
plication of this modified thermal boundary condition puts a constraint on the air—sea heat
flux, In particular, it prevents excessive air—sea heat flux to appear in the process of rapid
cooling / heating. _

The time evolution of the thermohaline circuiation in these two models went through
rather different paths. With the heating anomaly in the region of deepwater formation, the
modeled thermohaline circulations in the two models went through a similar weakening phase
during the first 10 years, The maximum meridional overturning rate declined continuously
from 15.1 Sv to 4.5 Svin PCOM, while it declined from 16,0 Svto 5,7 Svin BCOM. Note that
the quasi—equilibrivm states in these two models are slightly different. The initial unperturbed
meridional overturning rate in BCOM is about 0.9 Sv larger than that in PCOM., In order to
compare the meridional circulation in these two models, we plot the time evolution of the
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Fig. 5. (a) Time evolution of the anomaly of meridional overturning streamfunction along the ver-
tical section at S4°N in PCOM,; (b) the difference of the anomaly between PCOM and BCOM.
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mereidional streamfunction at a section at 54°N, denoting as 8 * . Compared with PCOM,
the thermohaline circulation in BCOM declined too fast in the beginning, so
M pooy — M peoy 18 positive (Fig. 5b). The largest error is about 0.6 Sv. If we define the

*

*
Mpcom — Mypcom

relative error at any given time as g= , the maximum error is about 20%

, M pcom
during the first five years,

At the end of year 10 the heat flux anomaly AF was reset to zero, and the thermohaline
circulation started to recover, with slight delay due to the inertia of the system. For example,
at 54°N, the meridional overturning rate in PCOM kept declining for another two years be-

fore it started to recover (Fig. 5a).

The difference in the anomalous meridional streamfunciton became negative after year
20, reached a local minimum at year 25, and recovered afterward. The negative value of this
difference indicates that the recovery of the thermohaline circulation at this section in BCOM
is faster than in PCOM for-the time beyond year 20,

In previous studies, such as those of Greatbatch (1994), Mellor and Ezer (1995),
Dukowicz (1997), many investigators have concluded that the Boussinesq modeis can predict
sea level changes with acceptable accuracy by including a global uniform, time—dependent
correction term, We emphasize that the adjustment processes in response to heating may be
different in these two types of model. In PCOM sea level increases as a direct response to the
local heating; there is no bottom pressure perturbation initially, so the adjustment processes
are baroclinic in nature, On the other hand, heating induces a loss of mass locally in BCOM.,
‘As a result, there is a negative bottom pressure anomaly, which will induce a global adjust-
ment of mass.. Such adjustment is barotropic in nature, Due to this faulty source of mass, the
pressure perturbations and the associated velocity perturbations during the adjustment pro-
cesses may be quite different from that in the real oceans.

' In fact, we have produced preliminary results that indicated noticeable errors in the
simulation of sea surface height anomaly in BCOM, For example, at the year 10, sca surface
elevation along the northern boundary raised up to 11 cm in PCOM. On the other hand, the
change in sea surface elevation was underestimated about 1.1 c¢m in BCOM (Fig. 6). The rela-
tive errors is about 10%. Note that the sea level elevation anomaly in BCOM has been cor-
rected by a globally uniform, time—dependent factor calculated from the volume—averaged
density change (Greatbatch, 1994), Assuming the global—integrated evaporation minus pre-
cipitation rate is zero, the global-mean bottom pressure correction is

—_ 1
oy =7 L dpydxdy ,

where 4 is the total area of the model ocean, and dp, = p, — pJ is the bottom pressure devi-
ation from the initial value py. The free surface elevation, including the correction, for
BCOM is ‘ '

* . . 1_‘_'
on* = dy— —ap, .
TN g P

Note that the simple correction term defined in the equation above does not guarantee
that the basin—mean sea surface elevation in BCOM will match that in PCOM. As shown in
Fig. 7a, due to the global warming up of the model basin under the heating anomaly, the ba-
sin—mean sea surface height anomaly in PCOM is larger than that in BCOM (including the
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Fig. 6. {a) Annual mean sea level elevation anomaly in PCOM at the year 10; (b) the difference be-

tween PCOM and BCOM.
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Fig. 7. (a) the basin mean sea surface height anomaly induced by the heating source imposed
along the northern boundary, the solid line for PCOM and the dashed line for BCOM (with the
global correction), (b) The suitable mean density required for a perfect match between BCOM and
PCOM.

global correction term}, To make a-perfect match one needs an equivalent mean density that

can deliver the right amount of sea surface elevation change

Po =

 &Mpoom
opy
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As shown in Fig. 7b, the equivalent mean density that yields the correct basin—mean sea
surface height anomaly actually varies with time. For the case of heating anomaly, this po I8
actually less than one for the most time, Without a “ correct model”, such as PCOM, one is, of
course, unable to calculate this p, ; thus, a truthfully global correction is impossible for mod-

els based on Boussinesq approximations,

Assuming the mean density of p, = 1,029, the time evolution of the sea surface elevation
indicated a coherent 10% difference between the two models (Fig. 8). As discussed above, the
spatially uniform correction may not always yield the right solutions when the scale of the
perturbations is comparable with the barotropic radius of deformation. As discussed above,
the simple correction term does not guarantee that the basin—mean sea surface elevation in
BCOM would match that in PCOM. Because the p, used to calculate the global correction is
larger than the suitable mean density displayed in Fig. 7b, the global mean sea surface height
anomaly in BCOM (with correction) is smaller than that in PCOM. In fact, the difference be-
tween PCOM and BCOM is positive along both the northern and southern boundaries, in
contrast to Fig. 4b where the difference in the steady state has a zero basin—mean.

~ We have shown that the time evolution and the adjustment in response to thermal fore-
ing can be quite different in PCOM and BCOM. These differences are due to the errors intro-
duced through the Boussinesq approximations, In particular, the faulty sources of mass asso-
ciated with heating / cooling may be the major source of errors in BCOM. The details of the
adjustment and the dynamic processcs lead to such differences are, however, very
complicated. In order to understand these processes, one can apply the theory of geostrophic
adjustment by studying the response to the initial thermal forcing (or mixing) in terms of an
initial pressure perturbation and tracing the adjustment processes hereafter. This can be done
by following some of the classic theory of geostrophic adjustment. For example, Rossby
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Fig. 8. Sea surface ¢levation anomaly calculated from (a) PCOM and (b) PCOM—BCOM, Thin
solid lines indicate the anomaly averaged over a zonal band near the northern boundary, 48—60°N;
the dashed lines indicate that for the southern boundary, and the heavy lines are the difference be-
tween northern and southern boundaries 0—15°N.




20 Advances in Atmospheric Sciences Vol, 18

(1938) first studied the mutual adjustment of velocity and pressure fields, However, Yeh
(1957) pointed out that the direction of this mutual adjustment depends on the horizontal
scale of the initial perturbation fields, Thus, the results of the adjustment of the system in re-
sponse to thermal forcing in PCOM and BCOM depend on the horizontal scale of the initial
thermohaline perturbations; however, the detailed analysis is beyond the scope of this paper,
We are currently in the process of analyzing the data generated through these numerical ex-
periments, and the results will be reported in subsequent paper,

6. Conclusions

We have developed an oceanic general circulation model based on pressure coordinates.
In departure from the commonly used oceanic circulation models, our new model avoids the
Boussinesq approximations. The major features of the new model include: 1) using the exact
form of mass conservation, 2} using the in—situ instantaneous pressure and the UNESCO
equation of state to calculate density, 3) using the in—situ density in the momentum equations,
4) using finite difference schemes that conserve total energy.

The model has been tested for many standard cases of wind—driven and thermohaline
circulation, Our preliminary tests demonstrated that the model runs smeothly and produces
results that are similar to those obtained from BCOM, an equivalent model based on the
Boussinesq approximations, However, our numerical experiments also indicate that even for
the quasi—equilibrium state obtained for relatively low resolution, the free surface elevation
and bottom pressure produced from our model can be somewhat different from that pro-
duced by BCOM,

Most importantly, using PCOM or BCOM to simulate the time evolution of the circula-
tion under anomalous thermal forcing can lead to noticeable difference. These differences are
due to the approximations used in BCOM., Especially, there are faulty mass sources due to the
no—divergence approximation, which can give rise to much distorted dynamic processes dur-
ing the adjustment period. These processes are complex and they cause some major differ-
- ences in the system, so further study is needed to examine the details.

A specific feature of this new model is that the bottom pressure is a prognostic variable,
so the bottom pressure data obtained from the new high—accuracy gravity satellite mission
can be assimilated into the model, thus substantially improving the model’s ability to simulate
the cceanic circulation, On the other hand, although bottom pressure can be diagnosed in the
Boussinesq models, the sign of the bottom pressure might be wrong, and the time evolution of
the bottom pressure in such models is distorted, primarily due to the faulty source of mass.

More than 30 years ago, when ocean modelers were forced to use half precision in their
calculations in order to save computer memory, s0 many approximations were both conve-
nient and technically necessary. With the rapid advance of computer technology, we strongly
believe that it is the right time that we should study the oceanic circulation without the possi-
ble compromise associated with some unnecessary approximations, In fact, the PCOM is run
: with double precision, so that the density calculated is consistent with the UNESCO
subroutine. Using pressure codrdinates and abandoning the Boussinesq approximations are
just a step in this direction, ' ' :
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