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ABSTRACT

In this paper, the conpling schemes of atmosphere—ocean climate models are discussed with one—dimensional
advection equations. The convergence and stability for synchronous and asyachranous schemes are demonstrated
and compared.

Conclusions inferred from the analysis are given below. The synchronous scheme as well as the
asynchranous—implicil scheme in this model are stable for arbitrary integrating time intervals. The asynchronous ex- '
plicit scheme js unstable under certain conditions, which depend upon advection velocities and heat exchange
parameters in the atmosphere and aceans. With both synchronous and asynchronous stable schemes the discrete solu-
tions converge to their unique exact ones. Advections in the atmosphere and ocean aceelerale the rate of convergence
of the asynchronous—implicit scheme. It is m'.lggusted that the asynchronous—implicit coupling scheme is a stable and

efficient method for most ¢limatic simulations.
I. INTRODUCTION

A comprehensive climate model usually consists of the atmosphere, oceans and other
components. One of the important problems of climate simulation is coupling strategy be-
tween both fluids: the atmosphere and oceans. The atmospheric model usually takes much
longer to compule per unit simulated time than the oceanic model does, however, the latter
takes more time io reach the equilibrium state. In the past, several investigators (e.g., Manabe
et al, 1979: Washingten et al; 1980) have proposed coupling strategies in their climate
simulation models. First ,Manabe et al. (1979) presented the problem. Laier Schlesinger
(1979) reviewed these coupling strategies. Schneider and Thompson (1981) and Bryan et al.
(1982) studied the transient response Lo atmospheric CO, with a coupled atmosphere—ocean
model. The theoretical investigation of this subject was made by Dickinson (1981). In his ana-
lysis the stability and rate of convergence for various coupling schemes was discussed with a
zero—dimensional climate model in which the advection in either medium was ignored

The present paper intends to analyze the same issue using a one—dimensional model, 1.¢.,
inclusion of horizontal advection. We will investigate the effect of the horizontal "motion” on
coupling strategy. Some fundamental problems are presented to us, such as which coupling
scheme is stable when the procedure is carried out? Does it converge? If so, what is the climate
equilibrium state? Is the equilibrium state unique or does it depend on which scheme is used?

II. AIR-SEA COUPLING MODEL

As an introduction to the basic concepls involved in the air—sea coupling schemes, a sim-
ple set of linear equations with constant coefficients, usually referred to as the advection
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equation, will be considered. First, we propose a thermodynamical system in which the heat
exchange between the atmosphere and oceans is included. It is assumed that the solar radia-
tion passes through the atmosphere, as a transparent media. and is absorbed by sea water.
Heat transfers from ocean to atmosphere, and then emits to the space by infrared radiation.
Under the balance between the incident radiation and outgoing radiation,there exists an equi-
librium state—climatic state.

Generally speaking. the coupling schemes between the atmospheric and oceanic model
can be simplified as in Fig.1. The atmospheric model is integrated from 1 o rn{ =1+ Az}
and its boundary conditions are taken to be the ocean temperature as calculated by the
oceanic model. From 1, lo 1, (=t At} the oceanic model is integrated, the upper bound-
ary conditions on the ocean model are taken to be the variables calculated by the atmospheric
model. The entire cycle, from 1, o ¢ ,is repeated until equilibrium is achieved.

AGCM
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—a cycle ——=
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~—At—= At
i N
e
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Fig.1. Schematic representatian of coupling methodology between AGCM and OGCM.

The heat exchange fluxes (sensible. latent and radiative) between both fluids. in linear
form. can be taken in terms of air—sea temperature difference with different coefficients. The
advection velocities, in the atmosphere and ocean. U, U7, are assumed constants.

The equations of the model are

ar | °T -

% +L61 =x (T, —T)—«¢T, (b
eT. T, gt _—
7 iy =g (T=T)+Q e ". (2)

T, T. are the departures of atmospheric and upper oceanic temperature from climatic
means. (), is the amplitude of a periodic exlernal forcing such as changes in solar radiation.
We can also discuss the response of the systern 1o the other forcings in the atmosphere or
oceans. w, =2xn/p. p is the period of forcing. @, is the parameter related to oulgoing ra-
diation at the top of the atmosphere and equals A/ C, . From the work on the global sur-
face lemperature response to an increase in atmospheric carbon dioxide concentration
i=1.7-08 W m K™ (NAS.1979), and C, is heat capacity of the atmosphere of unil
area, about 10° W m™? s K™'. Thena, = 1.7x 107°s™" _ but for the local problem we assume
2,2 5% 107%™ . The first term on the right side of (1) may be considered the total heat trans-
fer from the ocean to the atmosphere and 2, equals A,/ C, where 4, s

+ e oo e i ¢ A A————_rps " 11/ MMM 5 -
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appro:liimately 45W m™ K" as evaluated by Dickinson (1981). Hence x, becomes 4.5%
107%™ In a similar way this represents transfer of heat to ocean from atmosphere, thus a,
should be C «, /C_  where C, isheat capacity of the upper ocean. which is about 3.24

-1

x10° Wm™ s K, thus 2 ~14x10 s, @, =R/C,~105x10 "K's . Here

the depth of upper ocean is 80 m.For these processes,the time scales are
0 a=a, P22 %107 8(2.6 days )

0, )xa, ' x7x10°s(81 days ) 3)

0, za:] 22K l{)bs(23 days ),
respectively, where 67, 1is a variation of ocean temperature about 4 ° . In general, the hori-
zontal scales of large—scale atmospheric and oceanic motion L, L;x 3% 10° m. The mean

flows U=z 10 m s 'in the atmosphere and U.,~ 0.1 m s ' in the oceans. Hence the
advection time scales of atmospheric and oceanic motion are

0= L/ Ux3%x10" s (3.5 days )
0 )= L, /U, x3%10 ' 5 (350 days ). (4)
In the atmosphere, advection and heat transfer from the ocean have nearly the same time
scales. i.c., about 3 days .Relatively. the solar and outgoing radiation are somewhat slower
processes. But due to the huge heat capacity of the ocean, the ocean lemperalure changes very
slowly by heat transfer from the atmosphere, and has a time scale on the order of months. In
this sense, the ocean temperature is approximately steady on the atmospheric advection time

scate 0(#) ,te.
6]‘!

Gt
On the other hand. when the ocean temperature varies on the time scale 0(z,), the air tempera-
ture will adjust quickly to ocea;‘lic conditions, then
LT = .
L'Gx o, +a )T =0, T . {6)

5 1

=0, T, =T (xa,) {5

Taking into consideration these two time scales, the atmospheric and oceanic models in the
coupled syster can be integrated separately.

As discussed by schiesinger (1979) and Dickinson (1981). the coupling scheme belween
atmospheric general circulation model (AGCM) und oceanic general circulation model
{OGCM] can be mainly divided inlo two groups. We will give them the exact definitions.

_ a) synchronous scheme: a time step is contained in each integrating time interval of
AGCM and OGCM ,then
Ar =4, At =dr . o)
where &7, are the time step of AGCM and OGCM respectively. Because the time step is
much shorter than the time scales of motion in corresponding fluid, therefore . the integration
of system approaches to the exact one.
b) asynchronous scheme: a number of time step arc contained in cach integrating time ifn-

terval then
Ar=N- 8t

At =N -6t £
Where N and N, areintegers.
In order to reach an equilibium state, the integration of climatic model (al least including
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the atmosphere and oceans ) should take a long time (10°~ 10°years), With synchrenous
scheme, it witl expend plenty of computer time. Thus most climatic models so far employ the
asynchronous schemes.

1. ATMOSPHERIC MODEL

In the previous section , the analysis of the time scales has shown that the processes in the
atmosphere are one to two orders faster than those in the ocean. When the atmospheric mod-
el is integrated. T, as a boundary condition changes slowly. Let us assume that 7, varies

only due to horizontal advection
CRYONT
TJ — Aem(v . , (9)
where [/, represents the advection speed of a perturbation. A is the amplitude of ocean
temperature and g is a wavenumber.

The equation for the aimosphere by substituting (9) into (1315

T vl va +uyT=a, ae™ " (10)
it a.’f av r Y 1
and initial condition is assumed as  T(x,0)= Fe “* The corresponding solution Ar lateris
2, 4 iy - & At (- FAN —{a,  +2 )&
Tix.)= — — QM w T
() w, +a, +ipl(1-U /)
+ Fe w(x = DA = (a, -2, )ﬂ!‘ (l l)

The second term on the right side of (11) contains a decaying wave resulting from initial
fluctuation, and the first term comes from boundary condition 7, . When the atmospheric
model has been integrated for a long time, Y’ iz, +a) leaxin’s

a‘”A em(x—l’,"m) (]2)
x to tipl(l-U, £

The atmospheric temperature changes along with the ocean temperature, or say, have ad-
justed to 7, . This is an exact solulion of atmospheric state.

When using the asynchronous coupling scheme. oceanic temperature does not change
with time. U, =0 ,then

T=

T=a, Ae"™, (13)

where

X
as

a, =" ;.-
*ooa, otz tiul
In fact, the ocean temperature always varies. Compared to the analytic selution (12), the

relative error of Lhe this case for Ar>(a +c:r}_I and U /U« is

TI - T3 rve;y[-_(.ﬁ.: —
T, - ’

WA Gl )y ' which is for time scales much shorter than advection time scales of ocean,
|E'x0 ; but when pl/ Ar= tn, £30(1). Therefroe, an appropriate integrating time in-

terval for the atmospheric model with asynchronous scheme should be taken
(o, to,) <Ar<uu) (14)

ws
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The stower the current is, the smaller the error and the larger the limitation on the interval for
At . For large—scale motions in the atmosphere and oceans , px107° m™.

2% 10° s (2.4 days J<At<10" 5 (116 days ).
This means that the atmospheric state will adjust to the oceanic boundary conditions

with a small error in this interval of time .
I¥. QCEANIC MODEL

In this section, we will investigale the integration of oceanic modle in more detail. Several
coupling schemes have been used in climatic simulations.

a. Synchronous scheme

As indicated in section 2, in this case atmospheric temperature T adjusts to 7, at any
moment aad is expressed by T, T=T(T,) .The corresponding heat exchange term is pro-

portionai to

T, —T(T ) (13)
At the initial time, as the assumption in Section I1I, the air and sea temperature are
T[D) = Fe inx , T:(}] _ Aeilux ) “6)
Integrating the atmospheric model (10) ,we have
Tm =g, Tim.

The supesscripts represent the order of cycles, then, the equation for Tt” is
]

(L%+Us§;)7‘s+am(]—ax,)7's=Q Ceh (17)

r

After this procedure has been carried out N times, we have

™ =7 (NA)= OV T 4 a TG e T, (18)
k=0
where
Cme M0, Fa 00,0 (19)
1 — e (1= 2, 1+ tea JAd
= — s x© (ks 2
a fay +a (1 aﬁ)[l ¢ ] (20
| Fe x, —a - )b, 1
G:[aas +O!r +G€w +d, (4 Hx ]_am . (2]}

The variation of sea temperature includes two parts. One resulting from initial distribu-
tion of 7T, is a transient wave. The other results from radiation heating. As the procedure

continues, the air-sea coupling system should approach an equilibrium state. But it depends
on the time interval Ar_ advection {currents ) and parameters.

When the series of T ;M converges as N— o the ocean temperature would approach

{N)

a steady state; if the series diverges, 7,  would increase infinitely and is unstable. But if

ICI<1, IG' <1, : (22)
then Tim would converge (note that Je ot J=1).
We are going to look for the conditions satisfying (22} let a_ =a+ bi where
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aa.\{mm +ar) —‘LIL-'-\I[“
a= . - <l hE——————— <,
(x, +o ) +l) (ggw + J.v)- + (Y
C becomes
C =c y\',.z‘. f h)-j.'. o - uAL

simtilarly. .

coapl = e

o =1.

Therefore, the condition [ < | inquires { a>0)
Ay >0, 125
1t indicates that the part related 1o the initial condition is always stable for any time in
terval Ar >0 (Fig.2a.2¢). On the other hand. absolute |Gl <1 means

x ® .
e ¥ (1w
+ e v T —a <t —a . 24y
&, tax “m‘l':"r 7 i (

as

L . -1 . L
There are two limiting cases: i) when Ay «({x ) . which is the time interval much

)

shorter than the characteristic time of heat exchange between ocean and atmosphere

{z.) ' then

2“21 + I.u"
— >Ar >0
%L :
t as
.- =1
i1l When Ar\ {x ) , then
z =, Y 0
{24) becomes
L —g <l —a | {23
:t {R] + :(' ’ ' J
Becuuse
Lo
—— <,
x  tu,

{25) 13 obviously true.

It is shown than the part related to radiation forcing is also stable for any Ar >4
(Fig.2b.d). In summary, the synchronous scheme in a coupled atmosphere —ocean GCM is
alwavs slable for any integrating time interval. The stability of this scheme 1s independent on
mean advection velocity in the ocean because of the fact that the atmosphere always adjusts
quickly o ocean temperature changes and is not influenced by annual variation of solar radi-
ation. The annual cycle of radiation affects the evolution of ocean temperature only. This
scheme can he carried out until equilibrium is reached. Bul as mentioned above. a
synchronous scheme requires that both T and 7, must adjust to each other at uny time. Due
to the fact that the atmospheric model takes a great deal of computer time for a synchroneus
model. it is only practical for climate sensitivity experiments in which only the upper layers of
the ocean are involved.

b. Asynchronous schemes

The few experments performed so far have used the asynchronous schemes. The differ-
ences among them are the treatments of exchangs of heat, wualer vapor, momentum and inte
grating time interval. The problem is which scheme is the most efficient and accurate. and un-
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der what conditions it is stable and convergent? In this model, the coupling between acean
and atmosphere is only considered through the term of heat exchange term. This term can be
calculated by several methods. The implicit and explicit methods have been tested (see
Dickinson, 1981).

1) Implicit asynchronous

~ The air temperature retains its value at the end of Ar when the oceanic model runs,
which means the atmosphere is not responding to the oceanic temperature change within
At T=Tit,}, and the heat exchange term becomes

T - T(0).
The variation of E?oean tem%erature for the Nih cycle is governed by
/T
—+ U, =@, +a T (26}

Cx
It begins to run from lhe same initial conditions as those in the synchronous case. then
(here T (My=a, T, Wby

('H + i A (Y - R

=l 0 d Y G ' 27)
where ¢; . o and G, are destabilized factors which depend on time interval As. . ex-
change coefficient and advection {see Appendix). 7 "' retains limited when N-wco _if
le, 11 le,| <1 (28)
Obviously. the latter in (28) holds for any Ar,>0 . With the increase of .z, . the second
term of ¢, decays quickly, while the first term js always less than 1. But for Ar &2~ :

absolute ¢ |<1 .resultsin
NZ(&) +]J,U_) 7 -1 -
Al 2 -——3 210 s (116 days)=0(x . (U ) ). (29}
.m (HL' )

Obviously, it is true. The results shown above (see Fig.3) indicate that an asynchronous—im-
plicit schemne is stable for any integration time interval. Its degree of stability depends on the
parameters of heat exchange and advection. Because the heat flux changes with ocean tem-
perature, even. Ar, isverylongand T, T, arealways adjusted to reach a balance state.

2). Explicit asynchronous

For this scheme, the heat exchange term is determined by the 7, 7, attheend of A/
and remains constant when the oceanic model runs. The variation of T, ™' is governed by

o;"r + U %T—— +a (T =T Ty=g ™ (30)
The initial values of T T are the same for the synchronous, (30) yields
(; +u —)T =0 ™ —a, (1=a T " 31)
The solution for the Nth cyc}c is ‘
Ti!\) — [0] + d Q z( +;moA,$ N-K) . G: )’ (32)

where ¢, d. and G, are destabilized factors (see Appendix).
In conirast with the iwo cases above, the coefficient ¢, does not decay
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Fig-2x Absolute value of  for synchronous scheme asa functionof &/, and Ar .
2b. Asin Fig.2a except for 7 .
2c. Absolute value of € for synchronous scheme as a funciion of 7 and Ar .

M. AsinFigleexceptfor G .
monotonously with the increase of As_ (as shown in Fig.4a.b). The other condilion keeping

series T_EN) bounded is
G <1, (33)
we obtain the limitation for Ag,
2, +2,)
0<Afj<—';—j‘. (34)

sa r
Because the initial value does not disappear as N—~oc | this scheme is unstable unless the
time interval must be less than a certain value (e.g.. 2 months in Fig.4ab). The temperature
would increase infinitely if heat exchange between atmosphere and ocean is held fixed too
long. For practical purposes the scheme is indeed stable since it would be unreasonable to
_hold the heat exchange term constant for two months.
108 = LA [ T

2+ 4+ _
y L i [ L 1 1 1|
6

1 1 i L 11 .
2 4 € 8BIO 20 40 6080100 2 4 8 10 20 40 6080100
U (m-s'} U (m-s"
_Figdu. Absolute value of C, for asynchronous—explicit scheme as a function of U, and Ar, 3b. Asin Fig.da

except for U .
V. RATES OF CONVYERGENCE

Since we have discussed the stability of various schemes. it will be useful to investigate
the rates of convergence and the limit of convergence. Following Dickinson (1981). the ratio

can be examined:
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Ti,\"f‘ 1 _ T(‘.'V)
R, = TR {35)

3 ¥
Solutions (20}, (27), (32) have similar forms and consist of two parts: an attenuated wave re-
sulting from initial conditions and the other one coming from radiation forcing. The two sep-

arate aspects can be examined separately.
First, assume the radiation vanishes, as A¢—~0 for the synchronous (Syn):

R,y=c=1-4r [iul +a (l-a, )]+%Aff[mb’, ta, (b—a, 0+ 00,

al s

Second, assume the initial and w, vanishes

~

1 lfaar A I.:a&r z k3
a T O A gy @A A

as r an

R

Similarly, for the asynchronous—impficit (Asyn—I}:

R, =c =14 [igl +z {1-a,) +%AI?[;’;¢U‘, ta (1—a, )inl +2 )
+0(A)
| Xea*e x, Iiu A 2 3
R, =G = fxm ey At +2{°‘m ta) t+0{AL))

and, for the asvnchronous—explicit (Asyn—E):
R,=c,=1—Ar[ipl +z (1—a,) F LAy ey (e il )+ A,

al
aﬁdar
= G.- =1- ——T At .

2 +z *
as r

R

all

From the above formulas all R, approach to 1 as Ar_—0 . It means that the three coup-

ling schemes are all convergent to the solutions of governing equations.
Let us examine the rate of convergence. First compare the R, of the schemes, in
which the terms of 0(A¢ ) have the same form, therefore. for the first degree of approxima-
tion, the rates of convergence of three schemes are identified. The coupling schemes converge,
x, e, )

A, <a {l - — ),
: ) {x, +2. ) +al)

For a given value of Ar_ . the more large the advection U is, the more fastly the schemes

converge. But if the advections vanish (i.e., I/=0. U,=0), then

as=1" a, :xm'/mn1-+1r'
{a, see Appendix ) which yields
“*‘d‘AIA‘F%DﬁJAI; Syn
Ry = _11 ~z A +%ummf Asyn — 1 (36)
T~ Af, Asyn — E.
where w=(x_a }7 (o, +2) . These formulas are similar to those given by Dickinson

(1981). [See (24) in his paper and 320 for Asyn—I, =0 for Asyn—E.) The terms of
0{A: ) in three formulas are identified. But as te the terms of O(Ar;,). since
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e=a x A, +ux)<a, . the Syn—scheme converges more rapidly than Asyn—I and
more ghowly than Asyn—E, if the latter is stable. Comparing both cases with and without
advection indicales that the mean flows in the atmosphere and oceans make the convergence
of the Oupling schemes go faster.

In a case without advections, a, . a.. arereal. T varies in phase with 7, . Butina
case with advection, 4 ., are complex. afler adjusting T to T, F varies out of

F]

phase with T,

, . at that time, generally the lemperature difference T —7 s larger than
that in a case without advection. The strength of heat flux between the atmosphere and ccean

depends on T — 7 . The larger temperature delference, the sironger heat exchange and

then the faster the procedure approaches to equilibrium climatic state.
Secondly, by comparing the R Il . the Syn—scheme converges more rapidly than

Asyn—L, but slower than Asyn—E.

In general the rates of convergence depend mainly upon the parameters related to
thermodynamical processes: heat exchanges and radiation. However. the advections in the
atmosphere and oceans would change the rates in some cases and influence the asymptotic
behavior (oscillation) of procedures from one cycle 1o the next.

When the coupled system runs for a long time, what 15 the equilibrium climatic state
which the procedure is approaching? As N— 0 . the effectiveness of the initial conditions

eventually disappear and sea lemperature has a limit from (20}, (27), and (32)
( o) = AT

=dQ, /(1-G SR | Syn 37N
”’—dQ =G ) Asyn — 1 (3%)
T=d.0,/(1-Ge ™M) Asyn—E. (39)

(39) is oblained as As s less than a certain value (Section IV.b.2). There is a common

companent in the expressions of & , 4, and 4, .ie.
+ iy, Nar
e

which can be written as ¢, N— % . Expressions (371—(39) indicate that when the proce-
dure has been carried out for a long time the ocean temperature will vary with annval varia-
tion of radiation and will be almost independent of]mean currants.
- z
If Ar «a ~ <w, . then we have

"= " S atiw,) (40)
for three coupling schemes. Note in spite of the scheme used, the coupled model gives the
same climalic state in each case. Thus, we can use any of the air—sea coupling strategies tested
in this paper. The amplitudes of TI_,“ are determined by the magnitude of atmosphere

—ocean heat exchange (and heat capacities of atmosphere and ocean) and solar radiation.

Corresponding to (40} lhe a[mosphere temperature is
—Q a, e“u“ St ) {41

It varies also with radiation and is always smaller than ocean temperature because absolute
lz |<1 . This means that there always exists heat transfer from oceans Lo atmosphere in or-

der to balance infrared radiation loss.
VI. (NFLUENCE OF ADVECTION IN THE ATMOSPHERE AND OCEAN

In this section we discuss the influence of advection in the atmosphere and oceans and
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the integrating time interval on the stability and convergence rate. The absolute values of
coefficients C . ¢, C, and G . G,. G, in (19), (26) and {32) as a function of advection
U, U, and Ar_ areshownin Figs.2—4.

First, lel us examine the synchronous scheme, In Figs2a—d, G . C are less than unit
for whole ranges of ¢/, U/, and A¢_ . This scheme is always stable. Generally speaking,

the larger the As  the faster the scheme converges. G . € depend only upon the mean

flow in the atmosphere (Figs.2c,d). For larger atmospheric wind speed ¢ . C becomes
smaller, but as Ar_ is larger than about 10" s (116 days). G becomes larger. Theretore.

with an increase of advection &/ the initial value disappears more quickly and the radiation
equilibrium evolves more slowly.

For the asynchronous—implicit scheme, G, is independent of U | U, . Advection in-
fluences only the €, (Figs.3a.b). In general for the larger advection and lime intervals
is smaller. This means the existence of advection only accelerates the disappearance of initial
perturbation. This scheme is stable too.

However, for the asynchronous—explicit scheme, the situation is different from the above
two schemes. The figures for &, are not given because it is independent of advection. As
shown in Figs. 4a,b. if Ar_ is Jarger than about 6x 10° 5 (69 days), C_>1 .1l indicates

that the scheme is unstable for both &, and &/ . Butas Ar s iess than about 6 10° s

(69 days) it is stable, and when A:¢_ isabout 5x 10% s there is one stable region.

10®

o
n
T
1
!

[ ]
T
T
T T
L1

4+ 4 L .
2 4 - A
1 | L | S 1 1 I S A 1 JE T T
2 4 6 BIC 20 40 608000 2 4 6 BIC 2 40 608000
U, {m-s7") Uim-s™

Fig.4a. Absolute value of ¢ for asynchronous-explicit scheme as a function of U, and Ar . 4b. Asin big4a

except for L.
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VII. CONCLUDING REMARKS

In this paper we pay special attention 1o climatic simulation of the final equilibrium state.
We have discussed the effect of adveclion and integrating lime interval on the stability and
convergence rale.

The coupling model with synchronous—implicit schemes are stable for any advection and
integrating time interval. Because in these cases the heat flux between air and sea is not fixed
when the oceanic model runs. The ocean temperature rises due to the absorption of selar ra-
diation, then the heat flux from ocean to the atmosphere and the radiative cooling in the at-
mosphere also increases. so a new balance between them must be reached. These schemes are
always stable. On the other hand, for the asynchronous—explicit scheme the heat flux between
the atmosphere and ocean is fixed in each cycle. If the oceanic model is integrated for a long
time, and radiative heat flux exceeds that between air and sea the ocean temperature could
change infinitely. Thus as to the mixed layer model, it may be better that the integrating time
interval does not exceed about 6% 10° 5 (69 days).

For any coupling scheme. if it is stable that must be convergent, the model approaches
the same steady climate state. In some climatic models the equilibrium state obtained from
these models with different asychronous—implicit schemes would be the same as that from the
model with synchronous scheme, i.., the exact solution of coupling system.

But, for climate experiments about transient response (e.g., response o increase of at-
mospheric CQ, concentration, we want {o know not only the equilibrium staie, but also
lime—dependent response. The synchranous scheme is the most suitable scheme, however, it
may be too expensive to nse for long integrations. The asynchronous scheme may be used if
the integrating time interval is very large. The use of an asynchronous scheme will not provide
the correct evolution detail.

In regard to the rate of convergence for asynchronous schemes, the asynchronous—im-
plicit scheme is the best compared 1o others in this advection model. The rate depends mainly
on the characieristic parameters (exchange coefficients, heat contents of ocean and atmos-
phere, etc.) and time interval.

Because the model is linear and interaction between motion and lhermodynamlcal pro-
cesses is nat considered in this study, the influence of herizontal advection on coupling strate-

gies appears only in partL.

Thus study was completed when the » thot was visiting at the Nationa] Center for Atmospheric Research. U.S.A.
The author wishes 1o thank Dr. M Warren Washington for his valuable suggestions in the course of this work and Dr.

Robert E. Rickinson for his comments on the manuscripts.
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APPENDIX
The destabilized factors for the implicit asynchronous scheme tn (27} are:

- Al_(lyL" +a2

C =a a te ‘"’(l—axlaﬁ)

d == MY s i)
G, =(x, tace - ’"m"}/(ac +2 )
and those for the explicit asynchronous scheme in (32) are:

(1‘. :(1 +asa(l]' _am)) e—!,ub".'lr\ 71“1(1—00:)

x
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iuli | inll|
= fw @ :Cr
d,=-—e Mt G =1
¢ ”‘UU ¢ 1ﬂs+ar
where



