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ABSTRACT 

A global energy balance for the earth-atmosphere system requires knowledge of a 
number of quantities, two of which are tropospheric lapse rate and cloud altitude. Since 
both of these quantities could be dependent upon surface temperature, they are poten- 
tial candidates for feedback mechanisms in surface-temperature sensitivity studies. 
The present investigation illustrates that the global energy balance is quite insensitive 
to lapse rate, thus eliminating this as a possible feedback mechanism. Cloud altitude, 
on the other hand, can be quite important. Employing a three-layer cloud model, and 
comparing calculated and empirical outgoing flux results, it is suggested that cloud 
temperatures should be held constant when considering variations in surface tem- 
perature, as opposed to the conventional assumption of fixed cloud altitudes. This 
is consistent with earlier single-cloud modeling (Cess, 1974), and based upon this 
conclusion it is found that the resulting dependence of cloud altitude upon surface 
tempergture produces a strong positive feedback. 

. ,  

Introduction 

It has been suggested that variations in the 
earth’s surface temperature, as well as associated 
changes in solar absorption by the earth- 
atmosphere system, are the result of modifica- 
tions of the earth’s albedo due to variability 
in the amount of particulate matter within the 
atmosphere. As discussed, for example, by 
Budyko (1969) and Bryson (1974), the warm 
period of the 1920’s and 1930’s is possibly at- 
tributed to a corresponding period of minimal 
volcanic activity, whereas cooling since 1940 
might be due to an increase in particulate 
matter resulting from man’s activity, coupled 
with a more recent increase in volcanic emis- 
sions. I n  addition to increasing the planetary 
albedo, particulate matter might also enhance 
the infrared opacity of the atmosphere and 
thus increase the greenhouse effect. This would 
tend to raise the mean surface temperature, 
competing with the albedo modification. The 
relative role of these two mechanisms is by no 
means clear, but the study by Rasool k Schnei- 
der (1971) suggests that the albedo modification 
is the dominant mechanism. 
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Irrespective of the precise details by which 
particulate matter might influence the global 
energy balance, an important aspect in under- 
standing global climate changes involves feed- 
back mechanisms which could amplify the 
influence of variations in factors such as 
planetary albedo upon the mean surface tem- 
perature. Possible feedback mechanisms are 
discussed in the following section, and the 
purpose of the present paper is to investigate 
certain of these mechanisms. 

Feedback mechanisms 

The infrared opacity of the earth’s atmos- 
phere is primarily due to water, both in the 
form of vapor and clouds, and associated with 
this are the following possible atmospheric feed- 
back mechanisms: (1) water vapor content, 
(2) cloud altitude, (3) lapse rate, and (4) cloud 
amount. 

As discussed by Manabe & Wetherald (1967), 
a decrease in surface temperature reduces the 
water vapor content of the atmosphere, which 
results in a decresing greenhouse effect with a 
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further decrease in surface temperature. Thus 
water vapor content produces a positive feed- 
back mechanism, which according to Manabe & 
Wetherald (1967) roughly doubles the sensi- 
tivity of surface temperature to factors such as 
planetary albedo, under the assumption of 
fixed relative humidity. 

Conventionally in surface-temperature sensi- 
tivity studies, the altitudes of parameterized 
clouds are held constant, i.e., independent of 
surface temperature (Manabe & Wetherald, 
1967; Rasool & Schneider, 1971; Schneider, 
1972). There is no particular rational for this, 
although a quantitative appraisal of the 
dependence of cloud altitude upon surface 
temperature would necessitate a detailed 
dynamical-hydrological model incorporating the 
physics of cloud formation. Alternatively, Cess 
(1974) has illustrated that outgoing flux calcu- 
lations based upon the assumption of fixed cloud 
altitude are incompatible with empirical flux 
results of Budyko (1969), whereas employing a 
single effective cloud Cess finds that a con- 
sistent outgoing flux model is one for which 
the cloud-top temperature is held constant when 
the surface temperature is varied. Thus, for 
example, a decrease in surface temperature 
would result in a decrease in cloud altitude, 
and since the cloud contribution to atmospheric 
opacity diminishes with decreasing altitude, a 
reduction in surface temperature produces a 
decrease in greenhouse effect which results in a 
positive feedback mechanism. 

The outgoing flux further depends upon 
lapse rate. The tropospheric lapse rate is suffi- 
cient for outgoing flux calculations, since strato- 
spheric opacity plays a minor role (Cess, 1974). 
This lapse rate is evidently dependent upon both 
water vapor content and large scale dynamics. 
From previous discussion the dependence upon 
water vapor content could clearly result in the 
lapse rate being a function of surface tem- 
perature, while the possible dependence upon 
large scale dynamics might introduce a further 
dependence upon surface temperature. The 
lapse rate is thus a potential candidate for a 
feedback mechanism. 

Cloud amount constitutes an additional feed- 
back mechanism, but in the absence of a de- 
tailed cloud formation model it is impossible 
to be quantitative concerning the dependence 
of cloud amount upon surface temperature. 
This difficulty is compounded by the possibility 

that particulate matter could influence cloud 
amount (Hobbs et al. 1974). The effect of 
varying cloud cover upon surface temperature 
has been studied by Manabe & Wetherald 
(1967) and Schneider (1972), but these in- 
vestigations do not answer the question as to 
the influence of cloud amount as a feedback 
mechanism. This is potentially a very important 
effect, but as pointed out by Schneider (1972), 
sufficiently realistic models capable of investi- 
gating this mechanism are not currently 
available. 

In the present paper we investigate two of 
the four proposed feedback mechanisms, cloud 
altitude and lapse rate, by employing simple 
radiation flux calculations. As previously dis- 
cussed, the role of water vapor content has 
been considered by Manabe and Wetherald 
(1967), while the effect of cloud amount is as 
yet unresolved. With respect to cloud altitude, 
the present paper will extend the earlier 
approach of Cess (1974), by which calculated 
radiation fluxes are compared with empirical 
results, thereby permitting a rough appraisal 
of possible models for the dependence of cloud 
altitude upon surface temperature. Before 
proceeding with this, however, it is first 
necessary to investigate the role of lapse rate 
as a feedback mechanism, since this mechanism 
would be inherent in any empirical flux formu- 
lation. 

Lapse rate 

Detailed knowledge of the dependence of 
tropospheric lapse rate, I? = - d T / d z ,  upon sur- 
face temperature is not readily available, 
although Stone (1973) does discuss the inter- 
action of large scale dynamics upon lapse rate. 
Alternatively, a qualitative appraisal of the 
influence of r upon the global energy balance 
may be achieved by simply holding the surface 
temperature, T,, constant and arbitrarily vary- 
ing I?. For this purpose we will employ a single 
effective cloud, which is black in the infrared 
with a cloud-top temperature T ,  = 244°K 
(Cess, 1974). The outgoing infrared flux from 
the earth-atmosphere system, P, may be 
expressed as 

F = c1 - c , A ,  ( 1 )  

where A ,  denotes the fraction of cloud cover, 
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while c, and c, depend upon T ,  and r, while c, 
is additionally a function of T,. With regard to 
feedback mechanisms, we are also concerned 
with determining aF/aT,, or 

aF ac, ac, 
aT, aT, aT, 

A,  

The procedure for evaluating c1 and cg is 
described by Cess (1974), and this accounts for 
water vapor content as a feedback mechanism 
by employing a fixed distribution of relative 
humidity as suggested by Manabe & Wetherald 
(1967). Cloud altitude as a feedback mechanism 
is also taken into account by holding the cloud- 
top temperature, rather than cloud-top altitude, 
constant when determining ac,/aT, (Cess, 1974). 
This is discussed in more detail in the following 
sect ion. 

Results for c1 and c, given in the units of 
cal cm-2 min-1, together with their derivatives 
are listed in Table 1 for several values of lapse 
rate. Clearly both F and aF/aT, are quite insen- 
sitive to r, and there is a logical physical reason 
for this. If the lapse rate is increased, then the 
outgoing flux comes from a colder atmosphere, 
such that F should be reduced. Countering this 
effect, however, is the fact that a colder atmos- 
phere has a lower water vapor content with a 
correspondingly smaller infrared opacity, so 
that the outgoing flux is enhanced since it 
comes from lower and thus wanner regions of 
the atmosphere. These two competing mechan- 
isms essentially cancel one another. This argu- 
ment pertains solely to the troposphere, but 
as previously stated, stratospheric opacity 
plays a minor role in outgoing flux calculations 
(Cess, 1974). 

It in turn follows that, with respect to a 
global energy balance, lapse rate does not 
constitute a significant feedback mechanism. 
This does not, of course, imply that a change 
in lapse rate could not indirectly influence the 
global energy balance, for example by altering 
large scale dynamics (Stone, 1973) and thus 
cloud amount. 

Cloud altitude 
Cess (1974) has recently illustrated that ei- 

ther a single effective cloud or Manabe and 
Wetherald's (1 967) three-layer cloud model 
give results for the outgoing infrared flux which 

Tellus XXVII (1975), 3 

Table 1. Vduea of the outgoing flux parameters for 
T ,  = 288°K and T ,  = 244°K 

6.0 0.370 0.104 0.0027 0.0025 
6.5 0.367 0.102 0.0028 0.0025 
7.0 0.366 0.102 0.0026 0.0024 

are in excellent agreement with empirical fin- 
dings of Budyko (1969). Furthermore, employ- 
ing a single effective cloud Cess has shown that 
ac,/aT,, which denotes the cloud correction 
to aF/aT,, also agrees with Budyko's result pro- 
viding the cloud-top temperature is held con- 
stant as surface temperature is varied, in con- 
trast to the conventional assumption in which the 
cloud-top altitude is held constant (Manabe & 
Wetherald, 1967; Rasool & Schneider, 1971; 
Schneider, 1 972). 

The purpose of the present section is twofold. 
First, we will show that the model of fixed 
cloud-top temperature, when applied to the 
more realistic three-cloud model of Manabe & 
Wetherald (1967), again yields excellent agree- 
ment with Budyko. Secondly, it will be shown 
that the corresponding model of a fixed cloud- 
bottom temperature is qualitatively consistent 
with empirical results for net surface radia- 
tion. The parameters describing the three-cloud 
model of Manabe & Wetherald are listed in 
Table 2, where Ace i  denotes the cloud cover 
fraction for each cloud layer, while the cloud- 
top and cloud-bottom temperatures have been 
evaluated from the corresponding altitudes 
given by Manabe & Wetherald with T ,  = 288°K 
and r =6.5"K/km. All three cloud layers me 
assumed to be black in the infrared. Although 
this might not be the case for the highest cloud 
layer, the results apply to nonblack clouds by 
simply replacing cloud amount by the product 
of cloud amount times cloud emissivity. 

For multiple clouds layers, the outgoing flux 
may be expressed as (Cess, 1974) 

where c , , ~  is determined by treating each 
cloud layer individually, while A,., represents 
the cloud cover fraction which is not overlapped 
by an upper cloud (or clouds), calculated from 
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Table 2. Parameters for the three-cloud model of 
Manabe & Wetherald 

CESS 

Table 4. Comparison of calculated quantities with 
empirical results of Budyko for T ,  =288"K 

Cloud-top Cloud-bottom 
temperature temperature 

i (OK) (OK) Ac.i 4.1 

1 223 223 0.228 0.228 
2 261 261 0.090 0.069 
3 270 277 0.313 0.220 

the A c , i  values in accordance with Manabe & 
Strickler (1964). Values for c2,  have been deter- 
mined previously (Cess, 1974), and employing 
the same calculation procedure we have varied 
T ,  so as to evaluate ac,,,/aT,, with these 
results given in Table 3. 

With reference to equations (2) and (3), it 
follows that 

(4) 

and the value for ac2/aT,, together with previ- 
ously determined results for c,, c2 and acl/aT, 
(Cess, 1974), are listed in Table 4 and compared 
with the empirical results of Budyko (1969). 
Again the units for c1 and cz are cal cm-e min-l. 

What is important in the present study is 
the excellent agreement involving ZcJaT,, 
since it is this quantity which is indicative of 
cloud altitude as a feedback mechanism. Al- 
ternatively, employing the conventional as- 
sumption of fixed cloud-top altitude, one finds 
ac,/aT, = - 0.0002 which differs considerably 
from Budyko. These findings are consistent 
with the single-cloud modeling of Cess (1974), 
and they support further the cloud model for 
which cloud temperature rather than cloud 
altitude is specified in surface-temperature 
sensitivity studies. It must be emphasized, 
however, that this conclusion is model de- 

Table 3. Values of ac,, JaT, for fixed cloud-top 
temperature 

ac2. tw, 
i (cal cm-2 min-l OK-') 

1 0.0028 
2 0.0023 
3 0.0021 

Calculated 0.367 0.097 0.0028 0.0024 
Budyko 0.366 0.102 0.0032 0.0023 

pendent, in that it is based upon comparing 
calculated and empirical outgoing flux results, 
with subsequent indirect inference regarding 
cloud altitude as a feedback mechanism. 
Certainly Budyko's empirical flux formulation 
by itself does not constitute a direct observa- 
tion of cloud-altitude feedback. 

Circumstantial evidence additionally support- 
ing the fixed cloud-temperature model follows 
from considerations of net surface radiation. 
For this purpose we initially consider each cloud 
layer separately. With T, now denoting the 
temperature of the cloud bottom, including a 
black cloud within the radiation flux formula- 
tion, equation (12), of Cess (1974), and denoting 
the net upward radiation flux at  the surface by 
I ,  it readily follows that 

where u is the Stefan-Boltzmann constant, 
A:, represents the cloud cover fraction which 
is not overlapped by a lower cloud (or clouds), 
and 

while 5 is a dimensionless optical coordinate 
defined as 

5 = O.144'JP,pHw 

with P, F H ,  in atm2 cm, where P, denotes the 
partial pressure of water vapor, P the effective 
broadening pressure, and H ,  the water vapor 
scale height, while 5, and 5, refer to the cloud 
bottom and surface, respectively. Expressions 
for these quantities, together with the defini- 
tion for n, are given elsewhere (Cess, 1974). 

Equation ( 5 )  may be rephrased as 

I = Io(l -biA:,i) (7) 
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Table 5 .  Cloud parameters for net surface radia- 
tion 

1 0.143 0.352 -0.0046 0.0019 
2 0.062 0.664 -0.0084 0.0019 
3 0.313 0.838 -0.0109 0.0017 

where I,, is the net surface radiation for clear 
skies. The quantities I ,  and b,  have been evalu- 
ated for T ,  =288"K, I? = 6.5OK/km and the 
three cloud layers listed in Table 2. For the 
clear-sky contribution we find that 

I ,  = 0.144 cal min-1 

aI,/aT, = 0.0016 cal cm-a min-l OK-' 

while calculated results for the cloud constants 
are listed in Table 5. 

As in the outgoing flux calculation, it is the 
quantity ab,laT, which represents the im- 
portance of surface temperature upon cloud 
models, and ab,/aT, has been calculated for 
both a fixed cloud temperature and a fixed cloud 
altitude, denoted respectively by (ab,/aT,), and 
(ab,/aT,),,. What is significant is that the two 
cloud models yield different signs for ab,/aT,, 
regardless of cloud layer. 

Empirical coefficients characterizing the 
influence of cloudiness on net surface radiation 
have been determined by Berland & Berland 
(as quoted by Kondratyev, 1969). While their 
results are for specific latitude zones and do not 
apply for global mean conditions, comparison 
of the cold to warm half-year results illustrates 
that ab,/aT, is always negative, irrespective of 
latitude zone or cloud layer. This is consistent 
with the (ab,/aT,), results of Table 5, but is 
contrary to the (abi/aT,), values. While this 
sort of comparison is by no means conclusive, 
it does lend support to the premise that cloud- 
bottom temperature should be held constant in 
surface-temperature sensitivity studies. 

As a final point it is worth comparing the 
present calculation for net surface radiation with 
climatological data. Equation ( 7 )  applies to 
multiple clouds providing b,  is replaced by b, 
where 

b C f c i  = 2 bt A:,, 

and from Table 5 b =0.68. It in turn follows 
that for global mean conditions with A ,  = 0.5, 
I = 0.095 cal em-2 min-1, which agrees favorably 
with the value 0.099 cal cm-* min-l from cli- 
matological data (Sellers, 1965). 

Concluding remarks 
It is worthwhile to reemphasize a point made 

earlier by Cess (1974) concerning cloud altitude 
as a feedback mechanism. A convenient 
parameter for illustrating feedback mech- 
anisms is aT,/aT,, where T ,  is the effective 
temperature of the planet with P = a c .  Since 
the outgoing infrared flux is equal to absorbed 
solar radiation, then changes in factors such as 
planeatary albedo would alter T,, with the cor- 
responding change in surface temperature being 
governed by aT,/aT,. 

For clear skies, equations ( 1 )  and (2) and 
Table 4 yield aT,/aT, = 2.0, which clearly illus- 
trates the influence of water vapor content a3 a 
positive feedback mechanism. Considering next 
fixed cloudiness with A ,  =0.5,  then for the 
fixed cloud temperature model, aTs/aT, = 3.2, 
and we see that cloud altitude contributes an 
additional and significant positive feedback. 
This is not the case, however, for the con- 
ventional by apparently less appropriate model 
of fixed cloud altitude, for which aT,/aT, = 1.7. 
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MBMEHEHME r J I O B A J I b H O r 0  KJIMMATA: MCCJIEAOBAHME ATMOCDEPHbIX 
MEXAHM3MOB C OEPATHOm CBH3bIO 

r J I O 6 a J I b H b I f i  6 a n a H C  3 H e p P H H  AJIR CHCTeMbI 

MeTpOB, A B a  113 KOTOPHX - B e p T H K a n b H b I f i  
a e ~ n ~ - a ~ ~ o c @ e p a  ~ p e 6 y e ~  ~ H ~ H H R  p R g a  napa- 

r p a A H e H T  T e M n e p a T y p b I  B T p o n o c a e p e  H B b I c o T a  
o 6 n a ~ o ~ .  TaK K a K  o6a BTHX n a p a M e T p a  M o r y T  
3 a B H C e T b  OT T e M n e p a T y p b I  IIOBepXHOCTH, OHH 
HBJIHIOTCR I I O T e H q H a n b H b I M H  KaHAHAaTaMH H a  
P O n b  MeXaHH3MOB C 0 6 p a T H O f i  CBR3bH) B HC- 
CJIeAOBaHHRX YYBCTBHTeJIbHOCTH T e M I l e p a T y p b I  

B a e T ,  YTO P J I O 6 a n b H b I f i  6 a n a H C  3 H e p r H H  CO- 
B e p I U e H H O  H e  qYBCTBHTeJIeH K B e p T H K a n b H O M y  
r p a A H e H T y  T e M I I e p a T y p b I  H I I O C J I e ~ H H f i ,  TaKHM 
06pa30~ ,  H e  M O X e T  C J I Y X A T b  MeXaHH3MOM C 
0 6 p a T H O f i  CBR3bH). c ApyI'Ofi CTOPOHbI, BbICOTa 

n o s e p x H o c T H .  A a H H o e  H c c n e A o s a H n e  no~a3b1- 

o 6 n a ~ o ~  M O X e T  6 b I T b  0 Y e H b  B a H i H O t .  Ha 
OCHOBe TpeXCJIOfiHOfi  MOAeJIH 06J IaYHOCTH H 
C P a B H e H H R  BbIYHCneHHbIX H 3MIIHpHYeCKHX no- 
TOKOB Y X O A R Q e f i  p a A H a q H H  BbICKa3bIBaeTCR 

A O J I X H a  CYHTaTbCR IIOCTORHHOfi I I p H  H 3 M e H e H H H  
T e M I I e p a T y p b I  I IOBepXHOCTH B IIpOTHBOIIOJIO?K- 
HOCTb 06bIYHOMY AOIIyQeHHH)  0 @HKCHPOBaHHbIX 

4 H M  M O ~ e J I H p O B a H H e M  ORHOCXOfiHOfi o6nas- 
HOCTH (CeCC, 1974) H I I 0 3 B O n R e T  CAeJ IaTb  BbIBOA, 
' I T 0  3aBHCHMOCTb BbICOTbI 0 6 n a ~ o s  OT T e M n e p a -  
T Y P b I  IIOBepXHOCTH IIPHBOAHT K C H n b H O f i  no- 
J I O X H T e n b H O f i  0 6 p a T H O f i  CBR3H. 

npeanonomeme, YTO T e M n e p a T y p a  0 6 n a ~ o ~  

B b I c o T a x  o 6 n a ~ o ~ .   TO c o r n a c y e T c R  c npeAHRy- 

Tellus XXVII (1975), 3 


