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ABSTRACT

In conosideration of the radiation transfer, latent and sensible heat exchange between oceans and at-
mosphere, a three-dimensional antonomous nonlinear ordinary differential equation is established by statis-
tical parameterization method. The variables of the model arc the mean ocean surface temperature T,
mean atmospheric temperature T, and atmospheric relative humidity f, and the feedbacks of clouds, water
vapor and CO, are involved. The steady state corresponding to the present-duy climate can be obtained
from this model. The analysis of parameter sensibility in the steady state indicates that clouds have consid-
erable negative feedback effects and water vapor may affect the sign of CO, feedback. The stability
analysis of the steady state to small distyrbance indicates that with increase of the positive feedback effect
of clouds, the steady state goes through such a stmctural variance series as a stable node-»a stable focal
point->an unstable focal point—an unstable nede, and when the steady state becomes unstable it undergoes
a subcritical Hopf bifurcation, When the steady state is at a focal point, the periodic oscillation solutions of
damping or amplifying can be obtained with the period being about two years,

I. INTRODUCTION

The atmosphere is a very complex system that involves many feedback processes. It
is one of the main contents for the present-day chmate theory to study various feedback
mechanisms so as to determine their contributions, positive or negative, strong or weak,
and their influences on the climatic change. In 1969, Budyko!"! and Sellerst*) established a
radiation energy balance climate model invelving ice—cap-albedo feedback independently.
While considering the climate sensibility to solar constant variation, they found the multi-
equilibrium states of climate, It was further studied several years aftert*~%), Many investi-
gators came to a conclusion that the climate is very sensible to the change of solar constant,
that is, a small change of @, (about 2%) would result in a crisis of climate. However,
Chao et al.¥) held a contrary opinion that only when Q, decreases about 15%, could the
climate have a crisis. In the study of ice—~cap-albedo feedback, many feedback processes,
such as water vapor and clouds, were introduced into various climate modelst™ 4%,
Through studying the sensibility of climate medel to some external conditions, such as @y,
CO, content and aerosol variation, the effect of feedback on climate can be determined.
These issucs are well summarized by Cessi!?} and Schneidert'*!?). Now most authors are
considering the importance of negative feedback effect of cloudst:'9), but some other
calculations indicate that there is a balance betwoen positive and negative feedback of clouds,
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or the positive feedback is slightly superior to the negativel’¥. Thus, Cess et ali'?1 think
that it is too early to get a definite anwser.

In recent years, the action of feedback has been further studied in the climatic self-oscifla—~
tion of various time scales. Considering the effect of ice-cap-albedo feedback on the
climate, Saltzman (1978%'* has established a two—dimensional autonomous ordinary different—
ial equation, of which the mean ocean temperature and the ice border latitude are taken as
variables. In this simple system, Saltzman has found out a climatic oscillation of several
thousand years. Then he and Moritz (1980)0:™31 have established another climate model
(5-M model) involving more feedback processes, the CO, feedback is also included. I
is found that as CO, feedback increases, the solution to the mode] would bifurcate from a
stable state 1o a limit—cycle, indicating the posibility that the climate takes a periodic self-
oscillation in the form of limit—cycle {under the ideal condition without disturbances).
Making use of a zonally-averaged two-dimensional ocean-atmosphere coupled model, Ji
{1982)(1%) has studied the phenomena of the multi-year oscillation. In his model there are
three feedback processes and when any of the three is removed, the system would not generate
periodic  oscillation.

In this paper, we try to study the effect of clouds, water vapor and CO, feedback on
climate by use of a simple ocean-atmosphere coupled climate model. The climate system
under censideration is divided into two parts: the mixing layer of ocean surface and the
atmosphere. The thermodynamic process of the ocean-atmosphere interaction, i. €., radiation
transfer and latent-sensible heat exchange, is mainly considered. The temperature distribution
and ice-snow effect are omitted here. Taking the mean ocean surface temperature, mean
atmosphere temperature and mean atmospheric relative humidity as variables, we set up
the equations describing the evolution of these varigbles, Although the global-averagéd
chmate model is quite simple, it can more clearly be used to discuss the effect of various
feedback processes on the climate,

1. THE ESTABLISHMENT OF WATER VAPOR EQUATION

The cloud amount has a close relation to the water vapor content in the atmosphere,
but it is very complicated. And different authors have established their own ° relationship
between clouds and water vapor. Skgot™ has obtained the relation as follows:

ne={(f - 80)*/400, /=80 -

ny=(f—65)/1225, f=6b . _"(1)

ny=(f—80)2/400,  f=80 T
where n;, ny and ny are low, medium and high cloud cover respectively, and f is l‘:.hp
relative humidity(%). Using the relation [J=J, (1-Crm)=I, 1 —(Cin. +Cny +Ciny)l
where f and 7, are net long-wave radiation at ocean surface with and without clouds
respectively, C’, C{, Cy; and C}, are copstants, and putting C’=0.75, C;=07, Cy;=03,
C},=0.15 (sec Ref. [21]), then one can get the relationship between the total cloud cover
n and f:

n'_‘_c}! (Cine+Chnu+Chnn). (2

This is a fractional quadratic function and shown in Fig. 1. It is scen from Fig. 1 that
when f approaches 1, then #>1, that is unreasonable and is caused by the rude selection of
the coefficients in Eq. {2). In order to make up this shortage and deal simply with it, we
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use a fractional linear function to approximate Eq. (2), that is

n=g:f+pi. {3)
M f = 1 then n=1. The coeficients ¢, and y; are taken as follows:
4.3875 —3.3875 £>0.8
a;={0.8167 ,  p;={—0.531 .  0.65<(f<0.8
0 0 F<C0.65

Curve 2 in Fig. 1 is just the trace of the function in Eq. (3).

Assuming the total water vapor in the atmesphere is W, it comes mainly from the
evaporation of oceans and then rises, cools and forms ¢louds, and at last falls down to
the earth surface in the form of precipitation. Thus the variation of W can be expressed as

?}——En (4)

where F, is the evaporation rate and P is the transformation rate of water vapor into
cloud. They are discussed as follows:

(I} Assume that the water vapor density in the atmosphere is p,, the atmosphere
elevation is H, then

n
=" pdzep, = g5 H, (5)
where ¢ is the average vapor pressure, R, is the gas constant of water vapor.
The saturation vapor pressure of the atmosphere is e, =6.11 exp (7 451n1(}%_:2;r—83-)
(hPa). Using e=e,f, we obtain
dw Hfe, [ _ dT. df :l He,
RS o [Tt 2y o (e

wheee ¥, ~7.45In [mx (Tf3533) ]~o 073, o= ;1 e =0004. and T1=261 K.
Thus », can be cmitted in Eg. (6).
(2) In general, E, can be expressed asi*?]

E»=KU20(9;—3:.,)1 (7 )
where X is a constant; {/_, the velocity at some elevation z,, above sea level; e,, the
saturation vapor pressure at T',; e,,, the real vapor pressure at z,. Because of the dynamical
process inside the atmosphere such as the diffusion and transfer of water vapor there exists
a relationship between e, and e. We have no attempt to introduce the dynamical process
inte the interior atmosphere s0 it is necessary to get the parameterized form of the refation,

In general, the water vapor density in the standard atmosphere varies with height in terms
of p(2)=p, e ¥, thus the averaged water vapor density can be obtained from
Pry

2= " padde = Byti-e) ~ g (8)

where p,, is the water vapor density at z,, g is a constant. Besides, the variation of the air
temperature with height follows T (z)=T,,—{z—z,), then the mean air temperature is

=%i:’ T (2)dz=T.,~ Fy(H—22). (9)
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Using ideal gas state equation and Eqs. (8) and (9), we obtain
.= p, R, =8e+e’ (10)

where $=p, /,=Hp, e’%pi‘.R,‘%y(H—?.z.). Let H=I10 km, g=0.5/km, »=6

K/km, z,=10 m, p¥ =6 gim’, then we have =S5, ¢'=0.78 hPa.
(3) Assuming the averaged density and thickness of clouds are 5, and A, respectively,

and according to Eg. (3), we have % =gq; %’:— » and then

Pz%(“ﬁngc)=Pchai%- (ll)
Combining Eqs. (4), {6}, (7), (10) and {11), we obtain

pc c \ H  df
(H R dt

r
€. e e 1 H S dT, , 12)

¢a e, e KU. RT.

where W,=He/R,T,, p,H,/W,is the ratio of cloud precipitable to atmospheric
saturated vapor content and assumed to be 1. We make an approximation HNR,T,) =
H{(R,T,Y)=¢ in Eq. {12), and W and e arc measured in g/cm* and hPa respectively, then
a~1 [gf(cm® hPa)]. Besides, e,/e, and l/e, can be expanded into the linear function
of T, and T, in the vicinity of T*=288 K and T *=261 K, i ¢, e/fe,=b{T,—~TI)~b,
lje,=b,—5,T,, putting b,=041, b,=8, 5,=0033, and 5,=9.13, In the meanwhile ,
assuming my=av, (KU, Ca), Cr=2Al+a)a/KU,,, where C, is the atmospheric heat
capacity, finally we obtain the evolution equation of f as

le 4t “f b (Ty =T, )~ by—8f +¢"B,Ta— &' by — fmeC.a ‘;7’:- . 13)

" o
1.0k o.z}- _ 2

C1)p ) n

(1)
(2)

0,54 1.1
2 ']SU—A 0.5 TR .05 3 16 e

Fig. 1. Relation between » and £ Curve (1) is Fig. 2. The comparison between Eqs, (15)
fractional quadratic function, and curve and (16). Curve 1 is for Eq. (15),
(2) is fractional linear function. and 2 for Eq. (16).

The physical meaning of every term in Eq. (13) is as follows: b, T, expresses that the
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increase of T, will cause the increase of evaporation, and then the increase of relative humidity;
because of b;>»e’h;, then  —(by+e’b)T,—~{fm,C. AT jdt~ —b, T, —{fm,C )T /di,
these two terms express that as 7', increases, the saturation vapor pressure also increases,
and it makes f decrease; —3f corresponds to the reverse force of relative humidity itself.

III. THE ESTABLISHMENT QF T, AND Ts EVOLUTION EQUATIONS
In considering the heat exchange between the ocean and atmosphere, it is easy to obtain
the parameterized evolution equation of T, and T,,
Codle —QuA—(el+eb)oTi+2.0Tt + Hot Ha,

(14)
Cs*dT —“Oo(lfﬁ-"fa)(l_'rﬁ)+etaT:_UT:-—H'—H'E’

where C, and C; are the heat capacities of atmosphere and oceans respectively, and can be
expressed as C, =P, L8 Cs=p,C,h where P, is the atmospheric pressure at surface;
g is the gravity acceleration; C, and C, are specific heat of atmosphere and sea water
: tespectively: A is the thickness of the mixing layer of ocean surface.
In Eq. (14), 0,4 is the solar short-wave radiation absorbed by the atmosphere; (e +&!)
X ¢rT¢, the radiation of atmosphere; e, 07!, the surface 'long-wave radiation absorbed
by the atidosphere; H,, the sensible heat; H ,, ‘the latent heat; @, (1~¥,~A4) {1-r)), the
solar short-wave radiation absorbed by the ocean surface, sioT! the atmospheric Jong-
svav.e!mdiation absorbed by the octan surface; o'T‘ the long-wave radiation of ocean
surface.
sitPhe -coeflicients in Egs. (13) and (14) are not constant, but they are related to cioud
taver, watet vapor and CO,. We discuss them term by term below.
(1) A is the atmospheric short-wave absorptivity related mainly to water vapor, ctoud
and O, e, A=A q+Au,o+ds, where Ay, is the absorptwlty due to water
vapor which can be written ast®®!

Auo=2.9% /[(1+143.507)™*+5,9250], (15
where W is the water vapor content used previously. For simplicity, the following formula
Auo=0.0394+0,049./ 17 {18)

is used instead of Eq. (15). The compariscn between Eqs. (15) and (16) is seen in Fig. 2.

Assuming the linear relation between A .., and cloud cover n, and without considering
the ozonic variation, then we can express 4 as

A=X 4 X W +Xans an
where x,=0.09, X,=0049, X,=0.04 (see Saltzmant'®l),

(2} elis the downward atmospheric long-wave emissivity, and H\*'*=¢T!—gloT!
is the net upward radiation of earth surface. According to the relations H*'t=¢T!(1-¢)
x(1-Pn), e=e,+eco,+es—es and eco,=0.0235 ln [CO,J*+ 0.0537+ 0.00KT,—T%),
given by SaltzmanU®), and accerding to eigTi=0T! (a+b./¢), given by Budykol*'], ¢}
can be written as

et=edi+ma/ e +En+a m[COJ*+ (T, —T*), (18)
where £=0.7715, =065, =061, and 5=0.058021, Comparing them we obtain
o =bT*YT* =0,086, £,=T*(1—e)8/T*=0225, a,=0.0225T*4T*'=0035 and §,=
0.0017*/T*=00015. Puiting 2},=0.846, thus when [CO,]*=300 ppm, e=¢*=2 hPa,
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#=0,5 and T ,=T%, we get e!=1.25, which accords with the data given by Taylor®3,

(3) e, is the atmospheric long-wave absorptivity, and can be written as e, = g, +€,, + 24,
Assume z,,=¢,,+L:n and the absorptivity of cloud to be 1, in general, £,=0.93, ihen
g,=g/(1—-m4n=0.93, we get {,=1—e/=0.14. According to Kondratyevi:*}, the absorptivity
of water vapor e,, can be expressed as

) .
f=1—1 e (19)
4 i=1
Every coefficient X, ¢an be found in Ref. [25). For simplicity, we use the formula
£, =0.53+0.138./ 7 (203

instead of Eq. (19). The comparison between Eqs. (19) and (20} is given in Fig. 3.

4 Taq
1.04 2 Lo
3t
(1)
(2}
0.5 0.0
oF 3 i stemT >z 0 ? togr
Fig. 3. The comparison between Eqs. (19) and Fig. 4. The comparison between Eq. (21) and,'
(20). Curve 1 is for Fg. (19), and 2 the real data, Curve 1 is for the real
for Eq. (200, data, and 2 for Eg, (21).

According to the data given by Kondratyev, the approximate relation between the
long—wave absorptivity e, of CO, and its content,
£,,—0.16311gu+0.235 (21)
can be found, where u in c¢m is the thickness of CO, under standard temperature and
pressure, When the content of CO, is measured in ppm, Eq. (21) becomes
£4.=0.071In[CO,]1+0.106. (22)
Fig. 4 gives the comparison between Eq. (21) and real data. Therefore in the same way as
Saltzman’s assumption('™), we have e, =a,In[CC,]*+0.196+8(T,—T%), wherz f,=
a,8[CONCOAT, ~T*)=8,815» B1,=0.05"%, Eventually,
£a=5ao+ﬂa\f_ﬁ+§sﬂ+aa]n[CO:]*+ﬂs(Ta"“Tf)’ (23)
where ¢,,=0.26, 1,=0.138, {,=0.14, 4,=0071, and £,=0.0035,

(4) &! is the atmospheric emissivity outward to space, el=sel,+el +elotelotne
Assume again e}, =, +£,n. Inordertoestimate £,, we express &} as gel=glW1-n)+
£%tn, where the first term on the right stands for clear atmospheric radiation and the
second stands for cloudy atmospheric radiation. Based on Wittman’s data listed by Lionl*",
we have

elt{1—n)oT1=0.33Q.,
eltacT §=0.36Q,.
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Putting T,=T%, n=0.5, and ,=338.25 W/m? then f,=e?'—e!*'=0.92-0.84=0,08.

In order to estimate e}, and e}, first we shouid formulate an expression. Accord-
ing to the basic theory of the atmospheric radiation transfer, the upward and downward
radiations are

Uw)= p;B(w)—(1—e,)eie " —p,] ﬂe"'ﬁ“""’dy.

du
fer (LU) p;B(W) p,B(w'_)e-j C. —W)+p K 38 -h-(u—lﬂd‘u, (24)
L 8;=Pr3(w-)e'*f”'—Pfij%e'*i“dﬂ.

where U7;, and G; ate the upward and dowaward radiations of the jth equivalent waveband
of component w; w is the content of water vapor or CO, below elevation z; 2,, long-
wave emissivity of earth surface; k;, absorption coefficient; P;, the ratio factor of the jth
waveband radiation to the whole radiation; B(w), blackbody radiation. From Eg. (24),
we obtain the net radiation of earth surface as

dB

Fo=Ui{0)—Gi(0)=—(1—2,)ei+ piB(w.)e ™"~ P;‘r--‘};e"f“d# =ee5.  (25)

Thus the net radiation of the ith component is F.,b—z Fa=e, Z 2;. Here the sub-

f=1
script i stands for the ith atmospheric component, j stands for the jth equivalent
waveband of the ith component, and one can make summation over . The same meaning
is used in the following derivation. Therefore, the upward and downward atmospheric
radiation are

Ui(w.)= psB(wa)—(1—e)e e =—p,§ j‘j e+ iy

=p;Blw)+ piB(wl)e s —gi~ (1 —g,)e 674", (26)
and

“G(0)y=piB(0)— pr(w-)e"’f"--FPfru—d&f— “Hdp=piB(0)—e;. (27)

Because g, is close to 1, then (1—g,)s e~ 4™ -<<e, and the last term in Eq. (26) can be
omitted. Thus,

etoTi=U )= S0, (w-)B(w-)(HZp:e )= e

i=1 i=1
—O'Tf,,(?. £a,)— Fn.l’f':u (28
et oTi=G(0)= ZG;(U) B(O)Zpr—z.s, oT!—Fo je,. (29}
=1 =1 R
Combining Egs. {(28) and {29), we odbtain
' el =(2—e. T4 /Ti+et —TiTS, (&1D]

where e, is the long-wave radiation absorptivity of the ith Gomponent; H; is a specific
elevation, above which the content of the jth component is considered so little that it has no
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considerable influence on the total content; and T, is the temperature at the corresponding
elevation. Assuming ! has the form
el=zli+ma/ e +anta,n[CO I+ 8,(T,—T%), (31)
then from Eq. (30) it is easy to obtain p,=pn,~nT4% /T, ay=a,—a,Ty /T%, and
B:=8,—B.T4#/T%. As far as the radiation budget is concerned, water wvapor cam
reach the tropopause and CQ, above 20 km. Therefore we take #,=10 km, H =20 km,
and corresponding temperatures 7' =230 K, T, =212 K, thus acquiring 5, =0.003, a,=
0.004, 2,=0.0002 and £2,=0.79. Tn fact, it is required that p,=0, 0,220 and g,>0, and
thus Ty, < T o )n, =202 K, Tup <Y a,T5]a, =218 K. Because the atmosplhieric
vertical temperature structure needs H,>>10 km and H <25 km (CO, has reached above
20 km), which is not in contradiction with the averaged measurcments observed so far,
it is indicated that the parameters obtained previously are reasonable.
(5) r, is the albedo of ocean surface and is assumed to be constant, i. e.,r,=0.1.
(6) r,is atmospheric albedo, F.=r it Hrejea(l =) =ro+7,n putting r,,.4=0.5443
T etee =014 then 7,=0.14, r,=04.
(7 As for H,, Newten’s approximation is used, i. e.
lebO(Tl—Tl)-cii (32)
where b,=4 Wm™—K~', C,=40.8 W m:113,
(3) From E, obtained previously, the latent exchange between the occan and at-
mosphere is
Hy=LE=L KU, [b{T,~T,)—by—bf +e’b;T,—e’by]
=p (0 Ta—b)[0s(T,~T)—b—Sf+e’b,T,—e’bs], (33)
where v,=L KU, L, is evaporation latent heat. e, has been expanded into the linear
function of T, near T%, i e.,{b,T,—5,), with ,=0.2 and b,=48.9,
(M /i and o/ ¢ exist in many coefficients and now they are expressed as functions
of T,and f, i. e, W=ge and ./ g =~/ ~/ f- Lt fp=./F, and expand /¢, into the
lingar function of T, near T%, i. e, o/ ¢, =b,T,—b,, with b,=0.0515 and b,=11.387.

IV. THE COMPLETE EQUATIONS

Substituting A, !, e¢, e, H., H;, ¥, and r, obtained previcusly into Eq. (14), and
expanding all T* into linear function near T,=273 K, oTi'=o7T+4aTAT—T)=
4C,T-3C,, with C,=¢7T% and C,=oT}, then combining and simplifying them as well
as considering Eq. (13), we finally obisin a complete mathematic model describing zero-
dimensional climate

Co8Te A AT A AT+ Af ot AT T o+ AT of p+ AT of 2+ 4T

dt
+Ag ; +A9Tgpr, +A|0Tuf= +A11T5fp+ AllTaf}
+ 0,00 T &N D+ DT+ DT+ D, f3)
=G|(T-9Tnfp)!

C.8x B BT+ BT, +Bfp+BToT BT of p+ Buf

b odi
+Bif§Tu+BlT§fP—”J(b-lTl"bc)(Do'{"DlTa‘l“D:T; +D;f§)
=Gz(TuTnfﬁ)9 ‘ (34)
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dfﬁ _ L 2 _ 2 dTn

¢/ fP(D°+D‘T,+D,T,+D,f, Camf3 4T2)
=G!(Tn!Tl!.fP)'

The coefficients in Eq. (34) are given in the Appendix.

V. THE PARAMETER SENSIBILTTY ANALYSIS OF STEADY STATE

Letting the left of Eq. (34) be zero and combining them, we obtain the following equa-
tions
P I:(f .P):O! .
Ta'—"Fz(fp)! ) (35)
Tr=Fx(fvaa),
where P, is a iwelve—order polynomial of f,, from which f, can be solved with numerical
method and then T, and T, can be solved from the following two formulas. When each
parameter p, takes the reference value given in Table 1, only one valid solution is obtained,
L e, f ,=0.921 (f=0385), T,=256.07 K and T,=287.02 K (the real values are {=0.75, T,=261
K and T,=288 K), whereas other solutions keep f, outside [0, 1], so they are not taken
into account,

Since the steady state depends on parameters in Eq. (34), then when parameter P,
undergoes a small change, the steady state also has a small variance. This is the sensibility
problem of steady states to parameters. Table 1 lists the calculated results. In order to
make the comparison conveniently, Table 1 also gives the change AT/ in the case of
PjP,=0.1. This change can be calculated from the values of other three columns in Table
1 by using AT[=01PAT/AP,.

It is seen from Table 1 that T%, T%, a,, p,, X4 by Ceo by by, By, by, 81, el and
&4, have a strong influence on the steady stats, which is easily understood. 7'* and
T* are reference values, so their changes will certainly have a great influence on the steady
state, X, el, el, and e, are directly related to the energy budget of atmospheric
radiation. If all the feedbacks were taken away, these parameters would be the atmospheric
equivalent absorptivity and emissivity. Therefore they have a great influence on the steady
state. a,, py, by, Co bys by, by and b, are all parameferized coefficients of a certain
process, ¢, and p,, &, and C,, b, and b,, as well as b, and b, are parameterized coeffi-
cients for the relationship of cloud with water vapor, the sensible heat, latent heat, and
square root of saturation vapor pressure respectively. They emerge in pairs, and if either
of them has a change, there will be a great influence on the way and the energy budget of
the corresponding process and, consequently on the steady state. Owing to that their
changes are in pairs, the total effect would not cause such a great sensibility as listed in
Table 1, and this can be seen from the inverse change of the state caused by their increases.

The sensibility of steady state to solar constant 0, is extremely concerned by scientists.
The relations of T,—Q, and f,—Q, are shown in Fig. 5. In general, the sensibility of T, to
0, is defined as 2=0,d7,/4Q, (taking 40,/0,=001, geperally) It is seen from
Fig. 5b that, when Q/0,>094, £=0.57 K and when @/Q,<0.94, =167 K. This
difference is caused by the cloud feedback. From Section I, dnjdf=a,, so when ¢, is larger,
n varies greatly with £, Thus, the cloud feedback effect added to the model is also larger,
and on the contrary, it is smaller when «; is smaller. In-Fig. 5a, when f, >0.89(/>0.8,
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0/0.>094), @,=44; when 0.81<f,<0.89 (0.65<f<0.8, 0.87<0/Q,<054), a,=082;
and when f,<0.81 ( f<0.65, Q/Q,<0.87), a,=0. The correspondent 8 in Figi 5b is 0.57,
1,67 and 1.92 (&,=0 not shown in Fig. 5b). Comparing with the standard value F=0.7
K13 ypder radiation balance without feedback, it is seen that when g, is larger, the nega—
tive albedo fesdback of clouds is greater than the positive feedback of greenhouse; and
when g, is smaller or zero, the feedback effect of clouds is small or vanished, then the
positive feedback effect (greenhouse effect) of water vapor is in a dominant pesition, and
results in a larger value of 8,

Table 1. The Sensibility of the Steady State to Paramcters

| 1

Parameter P, Reference Value AP, AT (KD AT oK)
: |

Ta, ‘ 230 K 1 5K 0.06 0.276
T, 212 K 5K —002 —0.085
T ' 288 K 2K : - —084 —1211
T: 261 K 5K ~05 —261
a 1 § cm™? hPa! 025 1.75 1 0.7

O a 43875 0.1 -1 486
- 33875 ~0 145 491
¥, 0.045 0.005 094 092
X 0.09 0.03 3.81 114
% 0.04 0.02 0.83 017
ro 0.14 ! 0.05 -20 : —0.56
n 04 0.05 ~0.58 046
rs 0.1 0.02 —0.56 —0.28
3 ‘ 0.225 0.03 0.42 032
& : 0.08 0.03 051 014
¢ ‘ 014 0.63 —1.1 —0.51
" 0.086 hPa-u? 0.005 hPa-t/2 —0.05 —0.086
s 0.138 hPa-/ 0.05 hPa-is 0.084 0.023
« 0.035 0.005 0.005 - 0.0035
a 0071 0.005 0.06 —0.083
b, | 4W m Kt 02 W m— K-/ 22 44
c. 408 W m~ 2Wm —0.89 —1.44
b, 0.515 K-thPat? 0.005K -+ hPa-1 341 | 35.12
b, 11.587 hPai/i 0.1 hpa't -21 —243
b, 041K 001 K- -23 -9.43

| !

b, 3 : D3 ) 489 7.82
et, 0.764 ; 0.02 ' -2.15 7
et ‘ 0.847 l 0.02 —1.56 —6.61
a0 0.26 ' 002 | 4.06 528
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Fig. 5. The sensibility curve of steady state -to solar constant 3, (@) Ffo~Qu ) Ts5-Q.
vl. €O, FEEDBACK

In section III, B,, describes the relativity between the change of ocean temperature
and CO, content in the atmosphere. The vairation of CO, content will influence ocean
temperature through greenhouse effect, so it forms a feedback processt*?¢), It is known
from section II that 8,=a,8,,, f.=8.—B8.T4/T%, and 8,=4¢8," If B,=0 then
B.=8,=p,=0, cuasing this feedback process to vanish. Consequently, the magnitude of
B., reflects whether the CO, feedback is strong or weak. When B,,=0 and the other
parameters are kept to be reference values, the steady state changes to f,=0922, T ,=
256.39 K and T,=28735K. Comparing with f,=0.921, T,=256.07 K and 7,=287.03 K
under 2,,=0.05, it is seen that as B, increases, f, changes a little and temperature
decreases, indicating the total feedback effect caused by §,, is negative, which is contrary to
Saltzman’s resultt?, It is thought to be caused by the strong negative cloud feedback in
the model. In fact, when 7, increases, it causes the increase of [CO,], and so does the
greenhouse effect. On the other hand, it also makes the evaporation increase, thus the water
vapor and the cloud cover increase too, and the negative feedback strengthems. This
process can be drawn in the form

Aco,]; Eemhone R,y

’ \evaporation’rﬁff-—m‘r—»T.J,

The total effect caused by §,, is the competitive result of these two processes. [If the cloud
feedback effect is larger, the result will be pegative; if the [CO,] effect is larger, the result
will be positive. For instance. if let £,=0.375, which corresponds to increasing the green—
house effect of cloud (see next section) and decreasing the total negative cloud feedback, the
steady states for 4,,=0 and 8,,=0.05 will be f,=0918, T,=257.97 X, T,=288.74 K and
Fp=0920, T =25820K, T ,=288.99K, respectively. It is seen from above that as 8,
increases, the temperature increases, which is due to the fact that the greenhouse effect
of CO, has an advantage over the others and causes a positive total feedback effect.

R

-
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It can be seen from the above analysis that the effect of CO, feedback on climate will
depend on whether other feedback processes are positive or negative and strong or weak, that
is, these feedback processes are interacting with and influencing on each other. In S-M
model, there exists a strong ice-cap-albedo positive feedback, therefore it is easy to under-
stand that increasing 8,, will result in positive feedback effect.

The CQ, feedback process consz\dered above is caused by the exchange of CO, between
atmosphere and oceans. If the COp oontent in the atmosphere iz doubled by human
activity, then the calculated temperature lucrement of the model] is about 8 K. It is quite
close to the value of 9.6 K calculated by Mollert*#, '

o
L

The stability of steady state l‘s determmed by the e'genvaluex. of the Jacobian of the
right functions in Eq. (34), i e '

.\ . |

VII. THE STABILITY AND BIFURCATION bF SOLUTIbN

1 aG, N1 a6, e |
C,q u, CA aT, . C.d af!‘
= _L._a_g_:._‘ - 1,.:8G, _, . 1 &G, =
£iA)= \ AT, €. A, YT, % (36
G, 1 8G T BB
Cr 9T, Cy T, Cr af,

where every partial derivative takes ité value at the steady state. The eigenvalues obtained
are 1,=—89.14 a=*, (a“dsq\otes year in SI units), A,=—12.68 2, and A,=+0.88 a",
indicating that the steady statg is sta’{»le to small disturbance. And because the ;gigen—
values are of real and negativd, the steady state is a stable node. .

Therd are itheed fs.ctors cohtro]]ng the greenhounse effect of clouds, 1=. ;,. C, and [
It is seen ﬁtom ”E'able I that,,rmcrkasmg &, and ¢, or decreasing £, will increase tmqperatute
and thus lnb?se the positive feedek. This process can be shown as follows:

e

o

—eit=eioTit-T,t

T'T_’f“T‘"“"“?“—“:"ﬁ‘-T—’T > ft—evaporation—Ft - -

——-u S=T, T»f#—-evaporntlon$—>T.l

‘Let £, and £, take the reference values in' Tabie 1 and change £, only. Itis séen from
the above analysis that with increasing £,, the positive feedback effect increases, hence
the unstability of the climate. This may change the structure and stability of tlie steady
state. The caloulsted results prove that the situation is true. Fig, 6 shows the variation
of eigenvalues with £,. It is secen that when g, rises to §,>>{,,~03, ‘the three negative
real eigenvalues become a negative teal number and a pair of conjugate complex eigenvalues
with negative real part, that is, A,.=—atib, A,=—' where a>0, >0, ¢>0 (i, not
shown in Fig. 6). Then the stable node becomes a'stable focal point. If an initial value
near the steady state is given, the solution will tend toward a steady state in the form of
oscillation, Fig 7 shows the variation of solution 7', to Eg. (34) with time ¢ and the orbit
in the phase space, when £,=0.37. The correspondent eigenvalues are i,,,=—0:25+i 2.79

(&™), Ay=~107.7 ™, thus the dampiug oscillation period is 7,= 2% 2;‘ 2—’-’; -~225 3, and




—
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the damping time constant is 7n*—“"£“=——‘—=4 a.

Fig. 6. Variation of eigenvalues with ¢,. Curve (1) is for real part, and (2)§for imaginary part,

TAKY T kA
89,54 e
2899 209.0F
208.5 »..
I e - T TR,

Fig. 7. The property of tolution near steady state when £,=0.37. (a) The vagiation of T's with time r (left).
(b) The projection onto the Te-f, plane of the demping oscillatery solution in phase space (right}.

As !, increases, a approaches to zero and 7, becomes longer and longer, then the os-
cillation property of solution gets strengthened and the unstability jncreases, When {28, =~
0.3764, the real part of the pair conjugate complex eigenvalues becomes positive, so the
steady state becomes an unstzble focal point. At f,={,, the eigenvalues satisfy Hopf
bifurcation conditions: a=0, da/df, %0, and 5007, which is easy to sec from Fig. 6.
Therefore, at £,,, the steady state undergoes 2 Hopf bifurcation. When £,>>{,,, if any
initial value near the steady state is given to sclve Eq, (34), then the solution will eventually
run to some other invalid state. It means that no stable periodic limit—cycle is found,
so the Hopf bifurcation is subcritical. When £, rises to £,>{,,, the imaginary part of
the eigenvalues vanishes and the eigenvalues become three real numbers with two positive
and one negative. Then the steady state becomes an unstable node.

The ather two parameters ¢, and £, have the same influence on the structure of the
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steady state as £,, but the decreasing process of £, corresponds to the increasing process of
oy

From the above analysis it is seen that when the positive feedback of clouds becomes
strong {increasing {,, £, or decreasing £,), the structure variation of the steady state can

be formulated as follows: a stable node—a stable focal point Hopf bifurcation_, o4 yp-
stable focal point—an unstable node. Near the bifurcation point, there exist both the atten—
uation and growth oscillation solution with oscillation period being about two years (‘growth’
means that the real part of the eigenvalues is greater than zero and there is no stable limit-
cycle). Ji (1982)0% has studied this oscillation in a two-dimensional air-sea coupled model.
His mode! involved thermodynamic and dynamic process, as well as three feedbacks (one
positive and two negative). He has found that when the intensity of convection L, which
describes the degree of positive feedback, rises to above a certain critical value, or either
of the two necpative feedbacks is taken out of the model, then the oscillation solution will
vanish. This is easily seen from the cloud feedback in this paper. It should be noted that
the oscillation property of the climate is not completely determined by the imaginary part
of eigenvalues. From Fig. 6, it is seen that when £,>>{,,, the imaginary part increases
from zero to 2.79, and the oscillation period decreases from infinite to 2.25 years. However,
owing to the influence of z,, long-term oscillation can not be displayed. In fact, it is required
that 7,27T,, i. e. b=2za. In this condition, the solution can then have properties
of oscillation {otherwise it will damp out quickly). Only when & is near 2.77, can it satisfy
this condition, i. ¢, the period is a few years.

Not only £,, £, and {, have the above influence on the structure variance of the steady
state, but also some other parameters have similar effect. The relationship between U,
and eigenvalues is shown in Fig. 8, which is similar to Fig. 6, with an exception that the
increase of £, corresponds to the decrease of U, . In this case the steady state undergoes
the same structure variance as that of increasing £,, and the Hopf bifurcation is also
subcritical. It is easy to uaderstand the above behavior of U, , because U, determines
the ocean evaporation in the full extent, hence the cloud feedbcak. The total effect -of

D T S ———

Q 0.5 1.0 Mee

Fig. 8. Relation of U,, with cigenvalues. Curve (1) is for real part, and (2) for imaginary part.
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VIl CONCLUSIONS

In this paper, a global annually-averaged zero—dimensional climate model is established.
This model describes the evolutions of the mean atmosphere temperature 7,, mean ocean
temperature T, and atmospheric relative humidity . The model involves clouds, water
vapor and CO, feedbacks. From the analysis and calculation, we can draw some conclu-—
sions as follows: '

{1} The negative feedback of reflection from clouds is greater than the positive feedback
of greenhouse, so the total feedback effect of clouds iz negative.

(2) The sign of CO, feedback depends on other feedback processes, ie., it can be
positive or negative in different cases. _

(3) Thers exists a damping and amplifying oscillation with about two-year period.
This indicates that when the positive and negative feedbacks on some time-scale reach a
competitive balance, the climate system will have a self-oscillatory property, Therefore it
is very important to give a more realistic description of the positive and negative feedback
processes in studying the problem of climate change.

During the establishment of the model, Slingo’s parameterized form of cloud is employed,
the cloud cover n is expréssed as a fractional linear function of £, The water vapor evapora-
tion E, and the sensible heat H are also parameterized. These parameterized processes
are very tude. In fact, because of the effect of the atmospheric turbulence, these dynamic
and thermodynamic processes are very complex and give rise to great difficulties in the estab-
lishment of relatively precise parameterized equations. This is a problem that has remained
unsolved so far. However, the analysis of some feedback processes in the simple climate
model is helpful to determine the relative importance in consideration of more complex and
more real climate model.

APPENDIX

Table Al. Coefficient Expressions in Egq. (34)

A=0Qx,+3C; ((3:o+¢: o —Eon) — (i +B—Fy) T:+(C;+£;-—C:)w)+0ux,w—§.
A=—iCi el el — B+ B T+ {4+ dyo -G

A =4C (00— By Ti+Lepn) +Co+3C (B + = Bs)

A== Q. X, b~ 3C: b, (N +—7s)

A=—dC,(f+5:)

A,=Q,J{,b=+ic,bg(ﬂ,+ﬂd +3C,6,(+7.—5,)

A=—4C b7,

A:‘=4C!481

Ay={(Q, X +3C; ({1 + L~ L))y

Ay=4C. b7,

A lp=‘—dcltcl+;z)ﬂ{

A,=~4C\b\(7,+%)

A=aC, Ly ) . .
Be=Qu(I—r {1~ ry— (f|+xa)?f)—3c=(5 in —BT:=1+ ﬁy,)-}-b.

By=dC, (b, =B T+ Lyp0+C,
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B,=—3C.8,—C:~4C,

By QX by {1—r )} +3C,5,7,
B,=4C 8,
&:—Qﬁmm—qracmm 3Cmb.
Be=—(Qolit,+ri1—r 54200,
B,=4C {qa:

B,=4C\bm,

Do=—bo—e'b,

Dy=—b+e'b,

B,=b,
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