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ABSTRACT 
In the present generation of radiative-convective models, clouds are assigned specific levels 
or temperatures that do not change during the course of the calculations. In addition, a 
single water vapor distribution is used for the “mean atmosphere” instead of separate distribu- 
tions for the clear sky and cloudy sky atmospheres. We present results from a one-dimensional 
radiative-convective model that includes interactive water vapor transport and predicts cloud 
altitudes and thicknesses. 

The fully interactive model and one with a single, fixed cloud with a single water vapor 
profile can both reproduce a mean global temperature profile, their surface temperatures 
agreeing within a few tenths of a degree of the observed surface temperature. However, for 
surface temperature sensitivity studies, major differences between the two models can exist. 

The differences result from the use of separate clear and cloudy sky water vapor profiles 
and from the coupling of cloud numbers, locations, and thicknesses to temperature. The 
interactive model’s sensitivities to changes in the maximum altitude of convective extent, carbon 
dioxide, and surface relative humidity are presented. It is demonstrated that for global average 
conditions, the assumption of a constant distribution of relative humidity underestimates the 
water vapor amount and thermal contributions in radiative-convective models. 

1. Introduction 
As detailed in the review by Schneider and 

Dickinson (1974) climate modelling is an extremely 
difficult endeavor. Numerous, complex feedback 
mechanisms exist that are poorly understood and 
difficult to quantify for use in simple models. The 
intention of this research was to examine one of 
these mechanisms, the role of clouds in radiative- 
convective models. 

Clouds are artificially located in the current 
generation of radiative-convective models. They are 
assigned specific pressure levels (Manabe and 
Wetherald, 1967), altitudes (Schneider, 1972; 
Cess, 1974; and Ramanathan, 1976), or the cloud 
top is held at a fixed temperature (Cess, 1974). 

Present affiliation: General Motors Research 
Laboratories, Physics Department, Warren, Michigan 
48090, U.S.A. 

The last two assumptions generally deal with 
radiative-convective models that utilize a single 
effective cloud and are known, respectively, as the 
constant cloud top height and constant cloud top 
temperature assumptions. The constant cloud top 
height is found by determining at what cloud height 
the radiative-convective model reproduces an 
assumed mean atmospheric temperature profile for 
an assumed set of input parameters. The height 
represents a height of best fit, not one based on 
physical considerations. The heights currently used 
are 5.5 km (Schneider, 1972), 6.8 km (Cess, 1974), 
and 6.25 km (Ramanathan, 1976). The constant 
cloud top temperature assumption was introduced 
by Cess (1974) as an alternative to fixing the cloud 
height; the cloud height changes in response to 
changes in the surface temperature. The 
temperature he suggested for a single effective 
cloud was 243.8 K,  again chosen to reproduce a 
standard temperature profile. Reck (1979) recently 
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has demonstrated with a version of the Manabe 
and Wetherald model in use at the General Motors 
Research Laboratories that surface temperature 
sensitivities with the fixed cloud top temperature 
assumption are about 1.5 times higher than those 
with the fixed cloud top height assumption. 

Manabe and Wetherald (1967) assign clouds to 
constant pressure levels, the levels and amounts 
based on the study by Telegadas and London 
(1954). The data are not a true representation 
of actual cloud distributions because the data are 
based entirely on oceanic observations. As noted 
by Telegadas and London (1954), this may lead to 
errors in the low cloud amounts which are 
influenced by local terrain. In addition, the data are 
not representative of diurnal averages. In their 
model, Manabe and Wetherald (1967) keep the 
cloud amounts fixed. 

Weare and Snell (1974) developed a model that 
structures the atmosphere as a diffuse thin cloud. 
They allow the atmosphere to expand quasi- 
adiabatically and determine where saturation 
should occur. The cloud that is produced is 
assumed to be diffuse and to have a fractional 
cloudiness of one. Their cloud model includes 
rainout and produces water vapor mixing ratio 
profiles. In a later study, Temkin et al. (1975) 
used this model and two similar versions, one with 
an assumed 50% cloud coverage and one with a 
variable cloud coverage, to examine the effects on 
solar absorption in the earth-atmosphere system. 
They demonstrated that a model with variable 
cloud coverage has the largest surface temperature 
sensitivity to changes in solar absorption. 

Present day large-scale computers do not as yet 
have the capacity to include a detailed radiation- 
dynamical model. In addition, the cloud patterns 
occur on a grid scale smaller than that of general 
circulation models so that some parameterization is 
required. As a result, studies involving surface 
temperature sensitivities to changes in CO,, the 
solar constant (Manabe and Wetherald, 1975 
and Wetherald and Manabe, 1975) or cloud 
amounts (Schneider et al., 1978) should be 
interpreted cautiously. 

Roads (1978) has recently presented results on 
climate sensitivity to an atmospheric hydrologic 
cycle. His model includes transport of water vapor 
and condensed water and produces clouds when- 
ever supersaturation occurs. His model predicts 
that cloud cover decreases about 1% for a 1 K 

increase in the surface temperature, in agreement 
with empirical results of Cess (1976). 

Schneider et al. (1978), with the NCAR GCM, 
report that the effects on cloud cover amounts 
from surface temperature changes are latitudinally 
dependent. In their experiments for January 
conditions, the ocean surface temperature was 
changed globally and in zonal strips. The global 
ocean surface temperature changes led to low 
cloudiness changes of opposite sign. A zonal 
increase in ocean surface temperature in a strip 
centered at 15 O N resulted in a cloudiness increase 
over the latitude strip and smaller decreases in 
adjacent latitude strips. 

The model to be presented here interactively 
couples water vapor transport to a radiative- 
convective model. As the temperature profile 
changes in response to radiative heating or 
cooling, or latent heating, the distribution of water 
vapor is allowed to change in response to changes 
in the large-scale vertical velocity field and eddy 
diffusion. Clouds are formed whenever the 
atmosphere is saturated and the latent heat is 
released to the atmosphere. Although the total 
cloud cover is fixed at 50%, the number of cloud 
layers, their altitudes and thicknesses are com- 
puted. In addition, separate distributions of water 
vapor are computed for clear and cloudy 
conditions. 

This model is used to examine the change in 
temperature brought about by changes in physical 
parameters such as carbon dioxide and surface 
relative humidity. The surface temperatures from 
this model are compared with those from a model 
with a fixed, single effective cloud with a water 
vapor profile based on a constant distribution of 
relative humidity in order to examine the impact 
of fixed cloud parameters and the neglect of the 
differences between water vapor distributions in 
clear and cloudy skies. 

2. The radiation model 

The radiation model used in this work is a 
compilation of those of Haurwitz and Kuhn (1974), 
Kuhn (1978), and Hummel and Kuhn (1981). The 
model includes the gases 0,, 0,, CO,, and 
H,O. The absorption properties were computed 
from a quasi-random band model (Wyatt et al., 
1962) that utilizes a Voigt profile based on the 
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work of Drayson (1976). The e-type water vapor 
absorption was included (Bignell, 1970). A total of 
31 spectral intervals was used for the solar 
absorption by CO, and H,O, 106 for 0, and 0, 
and photon fluxes were taken from Ackerman 
(1971). The spectral line data for the solar and 
infrared transmission functions were taken from 
McClatchey et al. (1973). The ozone densities were 
from Dopplick (1972) and a constant mass mixing 
ratio of 4.86 x lo-' was assumed for CO,. 
Overlapping by the spectral regions was included. 
The surface albedo was 14% (Hummel and Reck, 
1979). 

The model atmosphere was divided into the 12 
levels listed in Table 1 at which the temperature 
was solved for by an initial value method that 
begins with an initial temperature profile and 
iterates to a steady-state solution. For details on the 
radiation model, the reader is referred to Hummel 
(1978). The model incorporates convective adjust- 
ment (Manabe and Strickler, 1964) to allow for the 
vertical redistribution of atmospheric internal 
energy, with pressure-dependent lapse rates based 
on critical moist adiabatic lapse rates (Stone and 
Carlson, 1979). 

3. The water vapor transport model 

The distribution of water vapor in the tropo- 
sphere is to a large extent controlled by dynamics. 
In the radiative-convective models in use, water 
vapor is described by a constant distribution of 
relative humidity, h ( p )  (Manabe and Wetherald, 

Table 1. Pressure levels used in 
the model calculations 

Level Pressure (mb) 

1 
2 
3 
4 
5 
6 
I 
8 
9 
10 
1 1  
12 

10 
50 

100 
200 
300 
400 
500 
650 
800 
900 
950 

lo00 

1967), which differs from model to model but is 
typically of the form 

where a, b, and a are constants and p is pressure. 
The surface value of relative humidity, h,, is 
typically between 0.75-0.77. A water vapor 
distribution given by the above usually under- 
estimates the amount of water vapor in the 
atmosphere. The annual average precipitable water 
described by the constant distribution of relative 
humidity is about 1.7 cm, 35% less than the value 
given by Starr et al. (1969) of 2.6 cm. As a result, 
the greenhouse effect is underestimated. 

In an atmosphere with clouds, a distribution of 
relative humidity will not be very well approxi- 
mated by (1). Throughout a cloud the relative 
humidity is 100%. Below the cloud the relative 
humidity generally decreases to the surface value. 
Therefore, we have used separate distributions of 
relative humidity to model average conditions, one 
for a clear sky and one for a cloudy sky. For 
clear sky conditions, a constant distribution of 
relative humidity given by (1) with a = b = 0.02 
and a = 1 is used. Whenever h(p)  is less than 
zero, the mixing ratio is set at 3 x kg/kg. 
It will be shown that this distribution of h(p)  is in 
fact applicable for a clear sky atmosphere. For 
cloudy conditions, a water vapor transport model 
is used that includes large- and small-scale vertical 
velocities. When the computed water vapor density 
exceeds the saturation value, a cloud is assumed 
to be formed. A separate transport equation 
describes the liquid (solid) water content in the 
cloud region. The method predicts cloud height 
and thickness, the water vapor distribution above 
and below the cloud, and the distribution of 
condensed material within the cloud. Latent heat 
released is returned to the atmosphere. Multiple 
clouds (up to 3) can be handled in the radiation 
model. The model does not predict changes in 
cloud amount which is assumed to be 50%. 

Transport of water vapor is given by 

where q is the water vapor mixing ratio; w, the 
large-scale vertical velocity; K,, a mean eddy 
exchange coefficient; and Hp(z)  the density scale 
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height. The large-scale vertical velocity is assumed 
to be the velocity necessary to maintain hydro- 
static equilibrium. The calculation is based on the 
Richardson equation (e.g. Dutton, 1976) in which 
all driving forces (i.e. pressure gradients, velocity 
divergences, heating terms, etc.) at a specific 
altitude are assumed to have a magnitude equal 
to the non-radiative heating rates necessary to 
maintain energy balance. The average vertical 
velocity produced under this assumption is on the 
order of 0.3-0.6 cm/s. The model calculations 
are very insensitive to the individual values of 
w and K, and so average atmospheric values are 
used. Whenever the computed value of the mixing 
ratio exceeds the saturation value, the mixing ratio 
is assigned the saturation value. In this way, the 
region of the atmosphere where a cloud should 
exist can be specified. Equation (2) is solved 
numerically using a method equivalent to LU 
decomposition (Dahlquist et al., 1974). The mixing 
ratio at the surface, q,, is given by the surface 
relative humidity h, and the surface temperature. 
The “top” of the model, or the extent over which 
water vapor is vertically transported is inputed. 
This assumed pressure level can be compared to 
the level of non-divergence in the atmosphere. 

In the regions where clouds are predicted, the 
transport of liquid water is handled using a 
procedure employed by Hess (1976) to model the 
water vapor distribution on Mars. In his treatment, 
the large-scale velocity and scale height were 
neglected. If these terms are constant then Hess’ 
transport equation has the form 

a1 l v  1 \ / w  1 1  ao. 

where V is the terminal velocity of the droplets, 
assume constant, I is the mixing ratio of liquid 
(or solid) water, and qs is the saturation water 
vapor mixing ratio. The above was solved by a 
4th-order Runge-Kutta method. A value of 0.5 
cm/s was used for the terminal velocity, which 
corresponds to an average radius of 6.5 pm. This 
value is representative of droplets found in typical 
clouds (Paltridge and Platt, 1976). The latent heat 
released following condensation or deposition is 
returned to the atmosphere and the temperature 
profile inside the clouds adjusted accordingly. 

With the exception of the terminal velocity of 
the droplets, all of the relevant parameters were 
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coupled to the temperature profile. The value of the 
water vapor mixing ratio at the surface was set 
equal to that for a relative humidity of 77%, in 
accordance with the constant relative humidity 
assumption used by Manabe and Wetherald 
(1967). While the model can generate multiple 
clouds, typically only one cloud was found in 
the equilibrium atmosphere. 

The cloud and radiation models are coupled by 
first generating a set of clear sky heating/cooling 
rates which are used to determine w. The water 
vapor transport model gives the water vapor 
distribution and cloud heights. These are then used 
in the radiation program which computes a 
temperature profile in radiative-convective equi- 
librium with flux balance at the top of the 
atmosphere. The calculations are then repeated 
until the water vapor, clouds and temperature 
are self-consistent. The water vapor calculations 
are made at 37 equal height increments for the 
surface to the model top. These results are then 
interpolated onto the coarser grid used in the 
radiation program (see Table 1). Thus a thin cloud 
as calculated by the transport model may be 
represented as an infinitely thin cloud in the 
radiation program. The features of this model are 
compared to a number of other models in Table 2. 

The equilibrium water vapor mixing ratio profile 
is shown in Fig. 1 for a 35ON, April atmosphere. 
The calculations were made with a model top of 
450 mb and resulted in a thin cloud centered at 
500 mb. Also shown is the profile resulting from 
the constant relative humidity assumption used for 
the clear sky distribution and the zonally averaged 
annual values reported by Starr et al. (1969). 
The average of the clear sky water vapor distribu- 
tion and the cloudy sky result (with a model top 
at 450 mb) yielded the best agreement with the 
zonally averaged annual results of Starr et al. 
(1969). As will be demonstrated, the equilibrium 
temperature profile from the coupled radiation- 
transport model for this atmosphere gives the best 
agreement with standard atmosphere profiles. 
In addition, the equilibrium cloud is found at a 
height of 5.52 km in agreement with the constant 
cloud top height of 5.5 km employed by Schneider 
(1972). 

For the sake of simplicity, the water vapor 
model results will be referred to as the cloudy sky 
profile and the constant relative humidity results, 
the clear sky profile. As shown in Fig. 1, the 
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Table 2. Comparison of the cloud treatment in this model with other radiative-convective models 

Manabe and Ramanathan Weare and 
This work Wetherald (1967) (1976) Schneider (1972) Snell(l974) 

Number of Predicted (up to 3) 3 and constant 1 and constant 1 and constant 1 
cloud layers and varies with 

r (P)  
Cloud altitudes Predicted and Fixed at constant Fixed at constant Fixed at constant Predicted 

varies with T(P) pressure altitude altitude 
Cloud cover Fixed Fixed Fixed Fixed Fixed 
Water vapor Separate clear and One profile based One profile based One profile based One profile 

profile cloudy sky on constant on constant on constant 
profiles-clear h(P) h(P) h(P) 
based on 
constant h(P)- 
cloudy based on 
vertical transport 
of water vapor 

cloudy sky profile decreases with height. Hess 
(1976) and Paltridge and Platt (1976), in simpler 
cloud models, assumed that the water vapor mixing 
ratio below clouds was constant at the value at 
the surface. This assumption would lead to a lower 
cloud, the base occurring at about 2.0 km as 
opposed to 4.1 km as predicted by this model. 

The clouds produced by this model are some- 
what thicker and denser than observed clouds 
(Borovikov et al., 1963). The average liquid water 
content in the "standard" cloud shown in Fig. 1 
was about 1.1 x lo-' kg/m3, in relative agreement 
with observed values (Borovikov et al., 1963; 

MODEL (CLOUDY) 
_---- CONSTANT RELATIVE 

HUMIDITY (CLEAR) 
x STARRClal. (1969) 

(ANNUAL PNERAGESI 

- 

" 
0-6 0 - 5  10-4 10-3 10-2 

WATER VAPOR MIXING RATlO(kg/kg) 

Fig. I. Water vapor profiles from the water vapor trans- 
port model and the assumption of a constant distribution 
of relative humidity. 

Fletcher, 1969). The shapes of the liquid water 
profiles are similar to observed profiles, increasing 
to a maximum near the cloud center. 

Finally, the total atmospheric water vapor 
profile, which is the average of the clear and 
cloudy results, agrees well with the results of Starr 
et al. (1969). The precipitable water amount for the 
atmosphere is 2.7 cm, about 4 %  higher than the 
annual results of 2.6 cm reported by Starr et al. 
(1969). While Weare and Snell (1974) did not give 
a value for the precipitable water, their value 
would be higher than ours because of their nearly 
constant water vapor mixing ratio below the cloud 
and because they did not include a separate, clear 
sky profile. 

4. Results 
The water vapor and radiation models were 

coupled by first assuming an initial temperature 
profile and then calculating the water vapor 
distribution. As described in the previous section, 
separate water vapor distributions were used for 
the clear and cloudy sky cases. The transmission 
functions were then computed for all of the gaseous 
constituents. Separate flux calculations were 
performed for the clear and cloudy atmospheres 
and weighted by the respective clear and cloud 
covered fractional amounts (50 %). In those regions 
of the atmosphere where convective adjustment 
was not required, radiative equilibrium was 
required for convergence. If equilibrium did not 
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exist, an iteration was made on the flux calculations 
until radiative equilibrium was achieved. A balance 
between the incoming solar and outgoing infrared 
radiation, which is applicable for 35 O N, April and 
global conditions (Vonder Haar and Suomi, 
1971), was checked for. If there was agreement to 
within k0.5 %, the calculations were terminated. 
Otherwise, the surface temperature was adjusted, a 
new temperature profile computed, and new water 
vapor profiles generated for both the clear and 
cloudy atmospheres. New transmission functions 
were computed and the flux calculations repeated 
until the radiative equilibrium and flux balance 
criteria were met. 

The upper boundary of the water vapor model 
which can be related to the top of the region of 
convective activity was varied in order to determine 
its influence on cloud height and surface temper- 
ature. A series of tests was made with the model 
top set at 200, 300, 450, and 650 mb and the 
results are summarized in Table 3. As shown, the 
higher the model top the greater the vertical extent 
of the clouds. For clouds with tops at 200 and 
300 mb the resulting cloud extents and liquid water 
contents are representative of intense cumuliform 
clouds. It is noted, though, that this model makes 
no attempt to predict specific types of clouds or 
their coverage. As the cloud top heights increased, 
the surface temperatures increased as predicted by 
Schneider (1972), among others. The higher 
surface temperature results from two factors. First, 
the higher the cloud top height, the lower the 
temperature at which the cloud top fadiates to 
space. Second, as the surface temperature 
increases, the amount of atmospheric vapor 
increases, thereby increasing the amount of water 
vapor absorption. The net effect is that the 
outgoing infrared flux is decreased, forcing the 
surface temperature to increase. The clouds 
vanished when the model top was put at 650 mb. 

- 

Table 3. Surface temperatures and cloud extents for 
various water vapor model tops 

Top of water vapor Surface temperature Extent of 
model (mb) (K) cloud (mb) 

200 
300 
450 
650 

304.7 500-200 
299.8 500-300 
289.6 500-500 
292.5 Clear sky 

The resulting water vapor distribution from the 
650 mb model top agreed quite closely with the 
profile (1) produced from the assumption of a 
constant relative humidity distribution. 

The surface temperature resulting from a model 
top of 200 mb is unrealistic. The equilibrium 
atmosphere for this case contains about 9 cm of 
precipitable water, about a factor of 3 larger than 
that expected for annual global conditions (Sellers, 
1965; Starr et al., 1969). This result points out a 
deficiency in the water vapor transport model. The 
model assumes no coupling between surface 
temperature and relative humidity. In the cloudy 
atmosphere, the relative humidity distribution is 
computed, but in the clear atmosphere the distri- 
bution is held fixed, In addition, the surface value 
of relative humidity in the clear and cloudy 
atmospheres is the same. 

As shown in Table 3, a model top at 450 mb 
gives the most realistic surface temperature. The 
complete profile is shown in Fig. 2. The cloud top 
occurs about 5.5 km. This height agrees with the 
effective cloud top height used by Rasool and 
Schneider (1971) and Schneider (1972) and is close 
to  the effective cloud top heights of 6.25 and 6.8 
km used by Ramanathan (1976) and Cess (1974), 
respectively. The model atmosphere with a 450 mb 
model top will be used as the “standard” atmos- 
phere for the following comparisons. 

The sensitivity of the model to the surface 
relative humidity is summarized in Table 4. 
Lowering the surface relative humidity reduces the 1 -WATER VAPOR 

CLOUD MODEL 

...... ”... U S  STANDARD 
ATMOSPHERE 

I PSRIL. W N  

Po P O  240 260 280 300 
TEMPERATURE ( K )  

Fig. 2. Comparison of equilibrium profiles from the 
interactive water vapor model, and the U.S. Standard 
Atmosphere. 
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Table 4. Summary of the model atmosphere’s 
response to changes in surface relative humidity 

Water vapor transport 

Cloud extent 
Surface Surface (mb) 
relative humidity temperature 
(%I (K) Top Base 

50 288.73 Clear sky 
67 289.39 500 5 0 0  
77 289.61 500 5 0 0  
90 29 1.06 500 650 

water vapor content and leads to a decrease in 
the infrared cooling and solar heating by water 
vapor. The net outgoing infrared flux increases and 
the surface temperature decreases to maintain flux 
balance. With the standard conditions of 77% 
relative humidity the steady-state cloud is about 1.7 
km thick centered at 500 mb. For a surface relative 
humidity of 67% the cloud is only 0.8 km thick 
and at 5 5 %  relative humidity the cloud is about 
0.5 km thick. A relative humidity of 50% produces 
a cloud-free atmosphere. Conversely, a larger 
surface relative humidity causes the cloud to be 
thicker. 

The significance of separate water vapor 
profiles for the calculation of clear- and cloudy 
conditions is demonstrated in Table 5 .  For the 
cloudy atmosphere, the mixing ratio at the surface 
is set equal to that in the clear sky, but the 
distribution of water vapor in height is calculated 
from the transport model. For clear sky calcula- 
tions the relative humidity is given by (1). 

Weighting the fluxes from the two calculations by 
the cloud cover (50%) then yields the temperatures 
designated Fully Interactive. The column labeled 
Floating Clouds Only (FCO) refers to the 
radiative-convective model with cloud altitudes and 
thicknesses predicted using the transport equation 
(2) but with the same distribution of relative 
humidity (1) for both the clear and cloudy 
calculations. 

The FCO results yield a lower surface temper- 
ature than the fully interactive model and two 
thin clouds occur rather than one. The importance 
of the dual water vapor profiles is demonstrated 
even more clearly for a 90% surface relative 
humidity. The cloud is thicker in the F C O  model 
and the sensitivity to surface temperature is 4.0 K, 
about 3.3 times larger than that from the fully 
interactive model. The F C O  results with doubled 
CO, also yield a lower surface temperature but 
have a larger sensitivity to doubled CO, being 
1.2 K as opposed to 0.8 K for the fully interactive 
model. 

5. Discussion 
The present model has similarities to that of 

Weare and Snell in that both predict cloud 
height. However, Weare and Snell do not explicitly 
include the vertical transport of water vapor as we 
have done, but rather define an “entropy 
parameter” such that the atmospheric lapse rate is 
6.5 K/km whenever the temperature is above 
the dew oint; in our model the radiation field 

not occur, otherwise the moist adiabatic lapse 
rate is used. Also in their model the cloud cover 

determines % the  temperature when saturation does 

Table 5 .  Comparison of surface temperatures and cloud properties predicted with a model 
(fully interactive) including both clear and cloudy sky water vapor profiles and a model 
(floating clouds only) that predicts cloud locations but uses a single water vapor profile 
based on a constant distribution of relative humidity 

Fully interactive Floating clouds only 

Surface temperature Cloud extent Surface temperature Cloud extent 
Conditions (K) (mb) (K) (mb) 

77% RH, 1 (CO,) 289.9 500-500 289.0 500-500 
65CL650 

77 % RH, 2 (CO,) 290.7 500-500 290.2 500-500 
650-650 

90% RH, 1 (CO,) 291.1 500-650 293.0 400-650 
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is 100% but the cloud is diffuse while in ours the 
cloud is opaque, the coverage is 50% and there are 
separate calculations for the clear and cloudy sky, 
the radiation fluxes then being weighted by the 
cloud cover to yield the final temperature. There is 
no detailed treatment in the Weare and Snell model 
of the radiative transfer, particularly with regard 
to solar absorption, and our treatment of the 
radiation is more similar to that of Manabe and 
Wetherald. However, we have included absorption 
by the water vapor dimer, the explicit temperature 
dependence of the absorption bands, and a finer 
spectral resolution. The numerical technique to 
determine radiative convective equilibrium is the 
same as Manabe and Wetherald’s (1967). Also 
we use a critical moist adiabatic lapse rate while 
Manabe and Wetherald use 6.5 K/km and their 
cloud heights and thicknesses are specified. 

The surface temperature, water vapor profiles, 
and precipitable water representative of observed 
conditions are predicted by the model when the 
water vapor transport model top is 450 mb. The 
calculated surface temperature is 289.6 K and the 
corresponding precipitable water amount 2.7 cm. 
This compares well with the annual results of 
2.6 cm and 2.5 cm reported by Starr et al. (1969) 
and Sellers (1965) respectively. Previous studies 
generally used a constant distribution of relative 
humidity given by (1) and we find that this 
distribution gives considerably less water vapor 
than predicted from our model. Below the cloud 
base the clear sky mixing ratio can be as much as a 
factor of two less than the cloudy sky value. As a 
result the amount of precipitable water is under- 
estimated. For standard atmospheric conditions, 
the precipitable water is calculated to be only 
1.7 cm when a constant relative humidity is used 
for the cloudy sky as well as clear sky case. Thus 

the greenhouse effect will be underestimated. 
Weare and Snell do not give the precipitable 
water in their model although it would be some- 
what larger than we find; the mixing ratios are the 
same at  the surface but our values decrease 
more rapidly with height. Their condensed water 
density is about two orders of magnitude less 
than that in actual clouds. 

The temperature increase for a doubling of 
CO, from this model is 0.8 K. As summarized by 
Schneider (1975) the range of predicted increase 
from various models is 0.7 to 3.0 K, the lower 
value reported by Weare and Snell (1974). 
Although our predicted increase is close to their 
value, and both studies included cloud cover, the 
agreement is probably fortuitous since the specified 
critical lapse rates and cloud covers are different. 
Recently Manabe and Wetherald (private com- 
munication) calculated a temperature increase of 
1.9 K; however, their model contains three cloud 
layers with fixed height and thickness and a 
critical lapse rate of 6.5 K/km. 

There is still much improvement to be made in 
1D models and although we have succeeded in 
coupling a ‘‘cloud generation” model with a 
detailed radiation code, the cloud cover has been 
specified. Also the model assumes no coupling 
between surface temperature and relative humidity. 
The three-dimensional results of Wetherald and 
Manabe (1975) and Roads (1978) suggest this is 
highly nonlinear. 
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