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RESUMEN
Utilizando un modelo termodinámico del clima, se lleva a cabo  un estudio sobre los cambios en la temperatura y precipitación

debidos a una duplicación del contenido atmosférico de CO
2
 y sobre la importancia relativa, en la temperatura, de los mecanismos

de retroalimentación asociados con los aumentos de vapor de agua, nieve-hielo y nubosidad. Los factores de retroalimentación del
modelo termodinámico  son similares a los de los modelos de Hansen et al. (1984) y Schlesinger (1986). El factor de retroalimentación
de los tres mecanismos combinados es 4.0. Los resultados dependen en forma importante del contenido de vapor de agua en la
banda del CO

2
  (12-19µ). El aumento de temperatura debido a la duplicación de CO

2
 es igual a 1.2° C cuando existe vapor de agua

en dicha banda y es igual a 3.5° C cuando no hay vapor de agua. Los resultados muestran que una posible causa de las grandes
diferencias en las soluciones obtenidas con diferentes modelos podrían ser las discrepancias en la cantidad y distribución del vapor
de agua en la atmósfera, y en el tratamiento de su efecto en la banda del CO

2
.

PALABRAS CLAVE: CO
2
 atmosférico, calentamiento, retroalimentadores.

ABSTRACT
Using a thermodynamic climate model, temperature and precipitation changes due to a doubling of atmospheric CO

2
 content,

including the corresponding feedback temperature  increases of water vapor, snow-ice, and cloudiness, are evaluated. The feed-
back factors of the thermodynamic model are similar to those of Hansen et al. (1984) and Schlesinger (1986).  The feedback factor
of all three mechanisms combined is 4.0. The results depend mainly on the content of water vapor in the CO

2
 band (12-19µ). The

temperature increase due to a doubling of CO
2
 is 1.2° C when there is water vapor in the band, and 3.5° C when there is no water

vapor. Therefore, a possible cause of the strong differences in the solutions obtained by different models is the discrepancy in the
amount and distribution of water vapor in the atmosphere, and in the treatment of its effect in the CO

2
 band.

KEY WORDS: Atmospheric CO
2
, warming, feedbacks.

1. INTRODUCTION

The effect on the surface temperature of an increase in
atmospheric CO

2
 has been discussed by many authors,  us-

ing a variety of models. Tricot and Berger (1987),  extended
Schlesinger’s (1984) summary.  Figure 1, reproduced from
their paper,  includes our earlier results  (Adem and Garduño,
1984). The figure shows the change of surface air tempera-
ture for a doubling of CO

2
 concentration in the atmosphere,

according to different authors, using energy balance models
(EBMs), radiative-convective models (RCMs) and general
circulation models (GCMs). The values vary from 0.5° to
5.5° C. It is essential to carry out numerical experiments to
determine the possible causes of such a wide range of val-
ues.

Using the Adem Thermodynamic Climate Model
(ATM), we  carry out numerical experiments to evaluate  the
feedback effects for increases of the atmospheric water va-
por, snow-ice on oceans and continents, and cloud cover,
due to a doubling of the CO

2
. We use a version of  ATM with

an annual cycle of snow-ice (Adem, 1982), which has been
modified to conserve the water  in the system (Adem and
Garduño, 1984).

In the earlier experiments (Adem and Garduño, 1982,

1984) we had used different estimates (Yamamoto and
Sasamori, 1958, 1961) for the emission spectrum of CO

2
,

and the H
2
O feedback was not included. In the present work

we use new spectra (Smith, 1969; Garduño and Adem, 1988)
of CO

2
 and H

2
O for wavelengths longer than 12µ, and a

Ramanathan (1976) type spectrum for wavelengths shorter
than 12µ for H

2
O. As for the cloud-temperature feedback,

instead of the former treatment (Adem, 1982), we now use a
parameterization of  relative humidity as a function of the
horizontal extent of cloudiness (Adem, 1967), plus the as-
sumption that the relative humidity remains fixed (Garduño
and Adem, 1993). Finally, the snow-ice-temperature feed-
back is performed by coupling the 0° C computed surface
(ocean or continental ground) isotherm to the boundary of
the horizontal extent of snow-ice (Adem, 1982).

The model generates tropospheric, surface ocean, and
continental ground temperatures, as well as the precipitation.

The region of integration of ATM includes nearly all
Northern Hemisphere (NH). The variables are computed
monthly.

2. DESCRIPTION OF THE MODEL

The model consists of an atmospheric layer of  about 9
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km high which includes a cloud layer, an oceanic layer of 50
to 100m in depth and a continental layer of negligible depth.
The basic prognostic equations are those of conservation of
thermal energy as applied to this atmosphere—ocean—con-
tinent system.

The vertically integrated equation of thermal energy
for the atmospheric layer is (Adem, 1965a):

(1)

where t is the  time, T
m

’ is the deviation of the mean atmo-
spheric absolute temperature from a constant value T

mo
,T

mo

>> T
m

’; cυ is the specific heat of air at constant volume.
And

where H is the constant height of the model atmosphere (i.e.
the top of the troposphere), ∇ is the two-dimensional hori-
zontal gradient operator, z is the vertical coordinate  and ρ*
is the density given by

ρ* = ρ (1+β (H – z) / (T
m 

– βH/2))γ -1

where

T
m
 = T

mo 
+ T

m
’, ρ is a fixed constant density at z = H, β is the

lapse rate used in the atmospheric layer, g is the acceleration
of gravity, R is the gas constant, v

H
* is the horizontal compo-

nent of the wind, and ρ
o
* is the value of ρ* obtained by re-

placing T
m
 by T

mo
.

In (1) E
T
 is the rate at which energy is added by radia-

tion, G
2
 is the rate at which heat is added by vertical turbu-

lent transport from the surface, and G
5
 is the rate at which

heat is added by condensation of water vapor in the clouds.
The local rate of change of thermal energy is c

v
a

o
∂T

m
’/∂t, the

advection of thermal energy by the mean wind is A
D
 and the

horizontal transport of heat by transient eddies is W
T
 .

The equation used for the ocean layer (Adem, 1970a) is

(2)

where T
s
’ = T

s
 - T

so
 is the departure of the surface ocean abso-

lute temperature T
s
 from a constant value T

so
, where T

so
 >>

Fig. 1. The change of surface air temperature (in ° C) for doubling  the CO
2
 concentration as simulated by energy balance models (EBMs),

radiative-convective models (RCMs) and general circulation models (GCMs). This figure was adapted and modified by Tricot  and Berger
(1987) from a previous one by Schlesinger (1984). The results are numbered in chronological order: 1 Manabe and Wetherald (1967), 2
Manabe (1971), 3 Rasool and Schneider (1971), 4 Weare and Snell (1974), 5 Manabe and Wetherald (1975), 6 Temkin and Snell (1976), 7
Augustsson and Ramanathan (1977), 8 Rowntree and Walker (1978), 9 Ohring and Adler (1978), 10 Ramanathan et al. (1979), 11 Hunt and
Wells (1979), 12 Ackerman (1979), 13 Potter (1980), 14 Wang and Stone (1980), 15 Manabe and Wetherald (1980), 16 Ramanathan (1981), 17
Charlock (1981), 18 Hansen et al. (1981), 19 Hummel and Kuhn (1981a), 20 Hummel and Kuhn (1981b), 21 Hummel and Reck (1981), 22
Hunt (1981), 23 Wang et al. (1981), 24 Chou et al. (1982), 25 Hummel (1982a), 26 Hummel (1982b), 27 Lindzen et al.(1982), 28 Schlesinger
(1983), 29 Washington and Meehl (1983), 30 Adem and Garduño (1984), 31 Wang et al. (1984), 32 Somerville and Remer (1984), 33 Lal and
Ramanathan (1984), 34 Washington and Meehl (1984), 35 Hansen et al. (1984), 36 Ou and Liou (1985),  37 Gutowski et al. (1985), and 38

Wetherald and Manabe (1986).
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T
s
’, ρ

s
 is a constant density and c

s
 is the specific heat, h is the

depth of the layer, E
s
 is the rate at which energy is added by

radiation, G
2
 is the rate at which sensible heat is lost to the

atmosphere by vertical turbulent transport, and G
3
 is the rate

at which  heat is lost by evaporation.

Over continents, (2) reduces to

O = E
s
 – G

2
 – G

3
  .

If we use parameterizations for E
T
, E

s
, G

2
, G

5
, G

3
, A

D

and W
T
, then the different components that appear in (1) and

(2) are expressed as linear functions of T
s
’ and T

m
’ or of their

first and second  derivatives with respect to the map coordi-
nates x and y.

The parameterizations of the heating and transport com-
ponents require the use of physical laws and conservation
principles supplemented by observed data, so that the for-
mulas used are semi–empirical.

3. PARAMETERIZATION OF ATMOSPHERIC
RADIATION

Using a method similar to the one developed by Adem
(1962) and Adem and Garduño (1982, 1984) we obtain:

(3)

where E(T) is the atmospheric emission at temperature T for
clear sky. The function F (T, λ

1
, λ2) is given by

(4)

where λ is the wavelenght, σ = 8.215 x 10-10 cal cm-2 (° K)-4

min-1, c
1
 = 5.538 x 105 cal µ4cm-2 min-1 and c

2
 = 14350µ °K.

In formula (3), the coefficients a
1
 and a

2
 are the ab-

sorptivity values due to H
2
O, computed as in Ramanathan

(1976), for the intervals (2µ, 8.3µ) and (8.3µ, 12µ), respec-
tively; and  a

12
, a

13
, a

14
, a

15
, a

16
, a

17
 and a

18
 are the absorptivi-

ties due to CO
2
 and H

2
O, which are computed using Smith

(1969) and Adem (1967)  in the way described by Garduño
and Adem (1988).

The integral in Eq. (4) is evaluated by Boltzmann’s for-
mula which is an approximation for small values of λ in  the
exact  formula due to Planck.  The error increases as λ in-
creases, so that it is less than 0.1%, 0.9%, 2.9% and 5.0% for
λ smaller than 8µ, 12, 16, and 19µ, respectively.

If T = T
o
 + T’, where T

o
 >> T’, Eq. (3) becomes (Adem,

1962)

    .                      (5)

Since T is in degrees Kelvin, T’ is for atmospheric tem-
peratures  usually much smaller  than T

o
. Therefore the linear

formula (5) is a good approximation to (3) and is used in the
model.

We assume that there is a cloud layer, of variable hori-
zontal extent ∈, that radiates as a black body with a tempera-
ture of 261° K. Furthermore we assume that the surface of
the Earth radiates as a black body and that it absorbs short
wave radiation from the sun and sky according to the
Savino—Ångström formula. Making a balance of radiation
as  in Adem (1962), we obtain

(6)

and

(7)

where A”
2
, A

3
, A

6
, D

3
, D

6
’, B

2
”, B

3
, B

6
, B

7
 are constants; a

2
’

and b
3
 are functions of latitude and season; (Q+q)

o
 is the

total radiation received by the surface with clear sky, k is a
function of latitude, I is the insolation, and α is the surface
albedo (Adem, 1962, 1964a, 1964b).

4. ABSORPTIVITY FOR WAVELENGTHS LESS
THAN 12µ

On computing a
1
 and a

2
 in Section 3, and according to

Kirchhoff’s law, we use Ramanathan’s (1976) emissivity for-
mulas:

(8)

and
(9)

where

(10)

and
(11)

The integrals in (10) and (11) are taken vertically across
the atmosphere, although their integrand is significant only
in the lowest few kilometers. U

A
 is the water vapor amount

in  cm if it was a liquid at STP conditions (some authors call
this unit cm-atm; both are numerically the same as g cm-2).
U

A
 is also called precipitable water; T and P are the atmo-

spheric temperature and pressure, respectively; e is the par-
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tial pressure of water vapor, P
o
 is the STP pressure (1.013 x

106g cm-1 s-2); and T
1
, T

2
, b

1
, b

2
, c, d

1
, d

2
 and e

o
 are constants.

In order to evaluate (10) and (11), we express all vari-
ables in terms of T; for this purpose we use the following
formulas from ATM (Adem, 1967; Garduño and Adem,
1988):

dU
A
 = R

1
F (T) dT                                (12)

and
(13)

where

T
a
 and P

a
 are the temperature and pressure at the bottom of

the atmosphere.

Furthermore,

e(T) = F(T) T.                              (14)

Now, we substitute (12) and (13) in (10), obtaining

(15)

where

    .

Substituting (12), (13) and (14) in (11), we get

(16)

where U
1
 and U

2
 from (15) and (16) are in cm.

The climatic parameters are taken as annual and global
averages; these (normal) values are:

T
a
 = 288°K

P
a
 = P

o

β = 6.5 x 10-5°K cm-1

∈ = 0.5

H = 9 x 105 cm

For T, in (8) and (9), we take the value of the “equiva-
lent” temperature for H

2
O, computed by Garduño and Adem

(1988), which is 275.6° K.

The values of U
1
 and U

2
  from (15) and (16) are substi-

tuted in (8) and (9) to get the absorptivity from 2 to 12µ.
These values of a

1
 and a

2
 yield the basic (normal) atmospheric

spectrum (in that interval), which is representative of the
whole Earth and full year, corresponding to the present glo-
bal and annual averages of the climatic parameters. This spec-
trum interacts with the climate through these five param-
eters. When the climate changes (for example, as a conse-
quence of an increment in the atmospheric CO

2
 content, ex-

ternally imposed, as in the experiments presented in this pa-
per), T

a
, β  and ∈ are allowed to increase. To compute  the

increments (anomalies) T
a
DN, βDN and ∈DN we assume P

a

and H fixed; nevertheless P is allowed to increase by means
of T

a
 in (13). Using the increased (abnormal) values of T

a
, β

and ∈, the corresponding increased (abnormal) values of the
absorptivities a

1
 and a

2
 are computed.

The atmospheric spectra, computed as explained in sec-
tions 3 and 4, are shown in Figure 2, for  present and doubled
CO

2
 amounts. Part A is the spectrum for CO

2
 alone, B is for

H
2
O and part C for both gases combined.

5. OTHER PARAMETERIZATIONS

As in previous papers (Adem, 1982; Adem and
Garduño, 1984), we  use for G

2
, G

3
 and G

5
 the formulas

G
1
 = G

2N
 + G

2
DN                             (17)

G
3
 = G

3N
 + G

3
DN                             (18)

G
5
 = G

5N
 + G

5
DN                             (19)

where G
2N

, G
3N

 and G
5N

 are prescribed seasonal climatologi-
cal normal values, and G

2
DN, G

3
DN and G

5N
DN are the cor-

responding anomalies which are computed internally in the
model.

The conservation of water vapor in an atmospheric col-
umn of unit area requires that

G
3
 - G

5 
= LE’                             (20)

where L is the heat of vaporization and E’ includes the hori-
zontal transport and the storage of water vapor terms (Adem,
1968).

Substituting (18) and (19) in (20) we find

(G
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5N

) + (G
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N
’+E’DN)       (21)
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where E’ is written as the sum of a  normal value E
N
’ and an

anomaly E’DN.

Equation (20) is assumed to be valid for  normal val-
ues, therefore

G
3N

 - G
5N

 = LE
N
’   .                           (22)

Substracting (22) from (21),

G
3
DN - G

5
DN = LE’DN    .

We  assume that

G
3
DN = G

5
DN

  
  .                            (23)

This assumption implies that the anomaly of  transport
and storage of water vapor is taken as zero. However, since
G

3N
 and G

5N
 are prescribed so that (22) is satisfied, the nor-

mal value of the transport and storage (E
N
’) is retained. There-

fore the equation of conservation of water vapor is satisfied
under the assumption that E’

N 
>> E’DN.

For G
2
DN we use the formula

G
2
DN = K

3
|V

aN
|[(T

s
’

 
- T

sN
’ ) - (T

m
’  - T

mN
’ )]  ,           (24)

where T
sN
’  and T

mN
’  are the computed normal values of T

s
’

and T
m
’ , respectively; K

3
 is a constant and |V

aN
| is the pre-

scribed normal surface wind speed. This linearized formula
was derived by Clapp et al. (1965) and has been used in pre-
vious experiments (Adem, 1965a, 1982).

In these experiments we had used the formula

G
3
DN = 2G

2
DN                                 (25)

which implied  a Bowen ratio of 2 for the anomalies.

For the horizontal wind the following formula is used
(Adem, 1982):

v
H
* = v*

Nob
 +(v*-v

N
*)                         (26)

where v*
Nob

 is the observed geostrophic wind and v*- v
N
* is

the computed anomaly of the wind, in which the two com-
ponents of v* are computed from the formulas

(27)

(28)

where u* and v* are the components along the x
1
 and y

1
 axes

(x
1
 to  east, and y

1
 to  north), and f is the Coriolis parameter;

also T
o
 = T

mo
- β H/2.

To compute the components of the normal horizontal
wind v*

N
, Eqs. (27) and (28) are used with the normal value

T
mN

 instead of T
m
’.

The advection by mean wind (A
D
) is given by Adem

(1970b):

(29)

where (F
8
)

o
, (F

8
’)

o
 and (F

8
” )

o
  are constants and

where H
7Nob

 is the normal observed 700mb height, T
7Nob

 is the
normal observed 700mb temperature and p

7Nob
 =  700mb.

Fig. 2. Atmospheric emission spectra used in our models: normal-
ized energy emitted as a function of wave length (λ). The shaded
area is the energy emitted by the atmosphere for present CO

2
 con-

tent, and the black area is the increase due to doubling the CO
2
.

Parts A and B are the spectra for CO
2
 alone and for water vapor

alone, respectively,  and  part  C is the spectrum for both gases
combined. The spectra are illustrated with the Planck’s curve for

280° K, but this temperature is a variable in the models.
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The horizontal turbulent transport is

(30)

where ∇2 is the two-dimensional horizontal Laplacian op-
erator and K is the “Austausch” coefficient, which is taken
as a constant equal to 3 x 106m2s-1. This value of K is of the
same order of magnitude as for the migratory cyclones and
anticyclones of the middle latitudes, which are considered
as turbulent eddies (Defant, 1921; Clapp, 1970).

The precipitation anomalies are computed externally
from the empirical formula (Clapp et al., 1965)

(31)

where S
N
 is the normal seasonal value,  and b, d” and c”  are

functions of x, y and season.

A brief description of this formula is given by Adem
(1996).

6.  WATER VAPOR AND CLOUDINESS
FEEDBACKS

In these experiments, the computation of the coefficients
a

i
(i = 1, 2, 12, 13, 14, 15, 16, 17, 18), in Eq. (3), which  in-

cludes the water vapor feedback, is carried out as  an aver-
age over the integration region and  in the year instead of at
each of the grid points and for each month, as follows:

First we obtain the coefficients a
i
 for the computation

of the normal case, using the Smith (1969) formula for i =
12, 13, 14, 15, 16, 17, 18 as described by Garduño and Adem
(1988).

The values used to compute a
i
 are

U
BN

 = 260 cm

U
AN

 = 2.4 cm

T
sN

 = 288°K

P
sN

 = P
o

β
N
 = 6.5°K km-1

H = 9km

∈
N
 = 0.5

where U
BN

 is the normal (present) CO
2
 content, U

AN
 is the

normal atmospheric H
2
O content, T

sN
 is the normal surface

air temperature; P
aN

 is the normal surface air pressure, β
N
 is

the normal lapse rate, and ∈
N
 is the normal fractional cloudi-

ness. The coefficients a
1
 and a

1
 are computed using the

Ramanathan (1976) approach (Section 4).

For the abnormal case, we compute a
i
 for i from 12 to

18, in Eq. (3), using Smith’s (1968) formula  with the values

U
B
 = 2U

BN

U
A
 = U

AN
+U

A
DN

T
s
 = T

sN
 + T

s
DN

P
s
 = P

sN
 + P

s
DN

β = β
N
 + βDN

∈ = ∈
N
 + ∈DN

where U
B
 is twice the present atmospheric CO

2
 content, and

U
A
DN, T

s
DN, P

s
DN, βDN and ∈DN are the increases, due to

the doubling of the CO
2
, of the atmospheric H

2
O, the surface

temperature, the surface pressure, the lapse rate and the hori-
zontal extent of cloudiness, respectively.

The cloud cover ∈ is included as

∈ = ∈
N
 + ∈DN                                          (32)

where ∈
N
 is the observed normal seasonal cloudiness and

∈DN is the internally computed anomaly which is given by

∈DN = - 1.26T
m
DN                                  (33)

where ∈DN is in percent and T
m
DN in Kelvin degrees.

Eq. (33) is semi-empirical and is based on the assump-
tion that the relative humidity remains fixed. The detailed
derivation is given by Garduño and Adem (1993). This pro-
vides the cloud feedback, which is also evaluated  as an av-
erage over the integration region and the year.

The surface albedo α  is generated internally in the
model by coupling the computed  0° C  surface (continental
ground or ocean) isotherm with the boundary of the snow—
ice cover, as described by Adem (1981, 1982). This coupling
yields the snow—ice—temperature feedback used in the
present experiments.

7. METHOD OF SOLUTION

In (1), ∂T
m
’/∂t is replaced by (T

m
’ - T

mp
’)/∆t, where T

mp
’

is the value of T
m
’ in the previous month and ∆t is the time

interval, taken as a month. Similarly, ∂T’
s
/∂t in (2) is replaced

by (T
s
’  - T

sp
’ )/∆t, where T

sp
’  is the value of T

s
’ in the previous

month.

W c a K TT o m= − ∇ν
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Using these backward finite differences and substitut-
ing the parameterizations of the heating and transport terms
(6), (7), (17),  (18), (23), (24), (25), (29) and (30) in (1) and
(2), the problem is reduced to solving two equations with
two unknowns T’

m
 and T’

s
. Eq. (2) can be combined with (1)

to yield a single second-order elliptic differential equation in
T

m
’:

(34)

where F
1
, F

2
, F

3
 and F

4
 are functions of the map coordinates

and α; and F
4
 is also a function of T

mp
’ and T

sp
’.

We first compute the normal case, using normal initial
and boundary conditions;  then the abnormal case, using the
abnormal initial and boundary conditions, and the computed
normal fields on which, according to eqs. (24) and (29), the
abnormal variables depend, namely on T

sN
’, T

mN
’ , ∂T

mN
’ /∂x

and ∂T
mN

’ /∂y.

Due to the form of the parameterizations, for the nor-
mal case Eq. (34) is reduced to an equation of the same type
but with coefficients F

1N
, F

2N
, F

3N
 and F

4N
 which are different

from F
1
, F

2
, F

3
 and F

4
. Furthermore, in the normal case, G

2
,

G
3
, G

5
, ∈ and  v* are prescribed as  observed normal values

G
2N

, G
3N

, G
5N

, ∈
N
 and v*

Nob
; and therefore, the model com-

putes only the anomalies of these variables. For the normal
and abnormal cases T’

m
, T’

s
, E

s
, E

T
, A

D
 and α are generated as

full variables, except for T’
s
 in the oceans, where only the

anomaly is computed, and where normal observed values
are used for the normal case.

The boundary condition for (34) is T
m
’

 
=  T

mob
’ + ( T

mB
’ -

T
mNB

’) where  T
mob

’ is the normal observed temperature at the
middle of the model’s atmospheric layer; and  T

mB
’ and  T

mNB
’

are, respectively, the abnormal and the normal  solutions of
(34) when the horizontal transport terms are neglected (i.e.,
T

mB
’ = F

4
/F

3
 and  T

mNB
’= F

4N
/F

3N
). Therefore, a variable bound-

ary condition, which includes a computed anomaly, is used
instead of a fixed one with  zero anomaly.

To solve (34) we prescribe, besides the boundary con-
ditions, the surface ocean and 700 mb temperatures in the
previous interval ( T

sp
’ and  T

mp
’) and the initial surface al-

bedo (α
p
).

We start the computations in August. Both for the nor-
mal and the abnormal cases, we use as initial condition the
observed July normal values of the surface ocean tempera-
tures and the 700mb temperatures ( T

sp
’ and  T

mp
’), and the

surface albedo in August. For the ith month (i > 1) we use for
T

mp
’ and α

p
 the 700mb temperature and the surface albedo

computed in the i-1th month; and for T
sp
’ we use (T

sNob
)

i-1 
+

[(T
s
)

i-1
-(T

sN
)

i-1
] where (T

sNob
)

i-1
 is the normal observed surface

ocean temperature in the i-1th month, and (T
s
)

i-1
 and (T

sN
)

i-1

are the normal and abnormal ocean temperatures computed
in the previous month, respectively.

The data, coefficients, region of integration and grid
points used in the computations are described in previous
papers (Adem 1964a,b; 1965b, 1970a,b). To obtain T

m
’, Eq.

(34) is solved as a finite difference equation by the Liebmann
relaxation method (Thompson, 1961). T

s
’ and the other vari-

ables are obtained by direct substitution of T
m
’ in the corre-

sponding equations described above.

The computation of the feedback effect by atmospheric
water vapor, explained in Section 6, would require an itera-
tive procedure between the climate anomaly and the spectral
increment; first the climate  anomaly due to CO

2
 doubling is

computed without the water vapor feedback, which is used
to  compute the spectral increment; then  a new anomaly is
computed including this increment, and so on, until both the
anomaly and the increment reach stable values. In order to
abridge this iteration, we attempt to guess the final climate
anomaly, and we test it for a consistent spectral increment; if
not, we try another guess.

As we have seen, the climatic parameters needed to
compute the atmospheric long wave spectrum, i.e. the ab-
sorptivities a

1
, a

2
, a

12
, . . . a

18
 due to H

2
O and CO

2
, are T

a
, P

a
,

β , ∈ and H. In addition, only the atmospheric CO
2
 content

(U
B
) is necessary to compute the spectrum. Using the nor-

mal present values of these 6 parameters (denoted with the
subindex N) the basic spectrum is computed.

When a climatic change is externally forced, the ab-
sorptivities change due to the change in atmospheric H

2
O

content (U
A
). Thus, the climate change is wholly character-

ized by the surface temperature anomaly (T
s
DN), because

the increments T
a
DN, βDN and ∈DN are function only of

T
s
DN, when P

a
 and H remain fixed.

Our external forcing is the CO
2
 doubling, i.e. U

B
DN =

U
BN

, or U
B 
= 2U

BN
, where variables with no subindexes mean

abnormal values. In order to find the equilibrium anomaly
T

s
DN, we attempt a first guess < T

s
DN

1g 
>, where < > denotes

the annual average over the total region of integration. We
compute the corresponding values of < T

a
DN

1g 
>, < βDN

1g 
>

and < ∈ DN
1g 

>, and introduce them in the formulas from
Adem (1967), Smith (1969) and Ramanathan (1976), to com-
pute the absorptivities a

i
; this spectum is then used to com-

pute T
s
DN

1
. If < T

s
DN

1 
> ≠ < T

s
DN

1g 
>, we try a new value

<T
s
DN

2g
> using a linear interpolation, and so on until

<T
s
DN

i
> = < T

s
DN

1g
>.

8. RESULTS

The output of the model consists in a dozen of maps
for each variable, for  the months of the year. Here we show
only the maps of the increase of surface temperature and pre-
cipitation due to a doubling of CO

2
, for January, April, July

and October, computed by means of the complete model in-
cluding all feedbacks. These  maps are presented in Figures
3A to 4D.
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A

B

Fig. 3. Increase in the surface temperature for January (part A), April (B), July (C) and October (D), in tenths of ° C, due to a doubling of the
atmospheric CO

2
, computed with our model ATM1 (in which the water vapor acts in all the wave lengths of the atmospheric spectrum)

for case 8 (with the three feedbacks included).
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C

Fig. 3. (Cont.)
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A

B

Fig. 4. Increase in the precipitation for January (part A), April (B), July (C) and October (D), in mm/month, due to a doubling of the atmo-
spheric CO

2
, computed with our model ATM1 (in which the water vapor acts in all the wave lengths of the atmospheric spectrum) for case 8

(with the three fedbacks included).
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In order to evaluate the feedback effects, we present a
comparative study of the annual NH averages of the com-
puted surface temperature increase (Table 1). The second
column in the table specifies the feedback mechanisms, case
1 includes no feedback and case 8 includes all three feed-
backs, namely increments of H

2
O, snow-ice and clouds. The

other cases include one or two feedback mechanisms.

The third column shows the temperature increase com-
puted using the model with H

2
O for all wavelengths of the

emission spectrum,  denoted by ATM1. When there is no
feedback the increase of temperature is 0.3° C, and when the
three mechanisms are included the increase is 1.2° C; for
only one feedback the increase is 0.4° C in all three cases.
When two feedbacks are included the increase is 0.8° C for
the combination of H

2
O plus clouds, 0.5° C for H

2
O plus

snow-ice, and 0.6° C for clouds plus snow-ice.

In the next column, called ATM2, we show the corre-
sponding values for a model in which H

2
O is absent in the

CO
2
 band. The increase is 0.8° C  without any feedback and

3.5° C with all three mechanisms. When there is only one
feedback the increase is 1.1, 1.3 and 1.2° C for H

2
O (only in

0-12µ and 19µ−∞ bands), clouds, and snow-ice. When there
are two feedbacks, the increase is 1.7, 1.8 and 2.2°C for the

esaC dedulcniskcabdeeF )C°(esaercnierutarepmeT rotcafkcabdeeF

1MTA 2MTA MH MS 1MTA 2MTA MH MS
/2MTA

1MTA

1 (∆ OC
2
) 3.0 8.0 2.1 53.1 1 1 1 1 7.2

2 +∆H
2
O 4.0 1.1 0.2 49.1 3.1 4.1 7.1 4.1 8.2

3 +∆ duolc 4.0 3.1 6.1 83.1 3.1 6.1 3.1 0.1 3.3

4 +∆ eci/wons 4.0 2.1 3.1 65.1 3.1 5.1 1.1 2.1 0.3

5 +∆H
2

+O ∆ duolc 8.0 7.1 2.3 18.1 7.2 1.2 7.2 3.1 1.2

6 +∆H
2

+O ∆ eci/wons 5.0 8.1 93.2 7.1 3.2 8.1 6.3

7 +∆ +duolc ∆ eci/wons 6.0 2.2 0.2 8.2 7.3

8 +∆H
2

+O ∆ +duolc ∆ eci/wons 2.1 5.3 2.4 0.4 4.4 5.3 9.2

Table 1

Increase of surface temperature in °C and feedback factor due to doubling the atmospheric CO
2
, resulting from our models

(ATM1 and ATM2), and  from the models of Hansen et al. (1984), and Schlesinger (1986), denoted HM and SM, respectively.
Case 1 is without feedback mechanisms, case 8 includes the three (namely, the increases of water vapor, snow-ice and cloudi-
ness), cases 2, 3 and 4 have one feedback and 5, 6 and 7 have two. ATM1 is our model with water vapor radiatively acting in all
the wave lengths of the atmospheric spectrum, in ATM2 the water is absent from the band where the CO

2
 acts (12-19µ).

Feedback factor is defined as the ratio of the temperature increase in one case, divided by that of case 1. In the last column
appears the ratio of temperature increase from one of our models by the other.

cases  H
2
O plus clouds, H

2
O plus snow-ice and clouds plus

snow-ice, respective.

In the fifth and sixth columns we find the correspond-
ing values of surface air temperature increase as computed
by Hansen et al. (1984), and by Schlesinger (1986). In the
seventh, eighth, ninth and tenth columns we list the feed-
back factors defined as the quotient of the temperature in-
crease in each case divided by that of case 1, for models
ATM1, ATM2, HM and SM, respectively. A comparison of
the four models shows that the factors are similar. Thus, the
solutions are almost proportional to the temperature increases
for case 1 (in which the feedback is excluded), namely, 0.3,
0.8, 1.2 and 1.35°C for ATM1, ATM2, HM and SM, respec-
tively.

In cases 5, 6 and 7 when we have a combination of two
feedbacks, inclusion of snow-ice (6 and 7) yields the largest
factors for ATM2 and the smallest for ATM1, which sug-
gests that the snow-ice effect depends non-linearly on the
temperature change, since much larger feedback factors are
obtained for larger increases of temperature.

The total feedback factor, which includes the three
mechanisms and corresponds to case 8, is 4.0 and 4.4 for our
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models ATM1 and ATM2, respectively, and 3.5 for HM.

The last column shows the ratio ATM2/ATMI. When
H

2
O is absent from the CO

2
 band, the increase of tempera-

ture is about three times larger than  when it is present. This
strong difference  is due to the radiative interaction of H

2
O

with CO
2
, which reduces the net effect of doubling the CO

2
.

This reduction can be seen from the atmospheric emission
spectra used in the model (Figure 2), where the shaded area
is the energy emitted by the atmosphere for current CO

2
 con-

tent, and the black area is the increase due to doubling the
CO

2
. Parts A and B are the emission spectra for CO

2
 alone

and for H
2
O alone, respectively, and part C is the spectrum

corresponding to the combined effect of both gases. The black
area in the CO

2
 band  (12-19µ)   is larger in the spectrum for

CO
2
 alone  (part A) than  for CO

2
 and H

2
O combined (part

C), as the presence of H
2
O in these interval reduces the ef-

fect of  CO
2
 doubling, because the spectrum of CO

2
 plus

H
2
O  gets closer to  Planck’s curve, and there is no room for

larger increases in the spectrum. This saturation effect limits
the temperature increase due to the increase of CO

2
, as men-

tioned by other authors (Kiehl and Ramanathan, 1982;
Ellsaesser, 1984, 1990; Lindzen, 1990).

Figure 1 presents the values obtained by several au-
thors using different models. Hansen et al. (1984) value is
number 35 and is one of the largest; our own earlier  value
(Adem and Garduño, 1984), is number 30, and our new one,
falls in the same range, on the lower side of the  solutions.
Most values fall between the values obtained with our model,
depending on whether the H

2
O is present or absent in the

CO
2
 interval, i.e., 1.2° to  3.5° C. Considering that “the 12-

18µ H
2
O continuum absortion is neglected in most model

studies” (Kiehl and Ramanathan, 1982), we conclude that
the interaction of H

2
O and CO

2
 in this band could be a pos-

sible cause of the discrepancies in the values shown in this
figure.

9. CONCLUSIONS

1. The feedback factors of the Adem Thermodynamic Model
are similar to those of Hansen et al. (1984), and Schlesinger
(1986),  except for Schlesinger’s cloudiness factor, which
is very close to unity, and produces a relatively small ef-
fect. The feedback factor due to all three mechanisms (H

2
O,

snow-ice and clouds) is 4.0 and 4.4 for our model, and 3.5
for Hansen et al.

2. The presence of H
2
O in the CO

2
 band (12-19µ) prevents

the increase of temperature due to the saturation of the
band, because the combined effect of CO

2
 and H

2
O yields

an absorptivity that approaches unity, as in  the black body
case.

3. While the feedback factors are similar,  the increase of
temperature due to a doubling of CO

2
 is equal to 1.2° C

when  H
2
O is present in the CO

2
 band, and 3.5° C when

there is no H
2
O. The corresponding value of Hansen et al.

is 4.2° C. The strong difference in these values appears to
depend on the corresponding values (0.3, 0.8 and 1.2° C),
obtained before the three feedbacks  are applied, which
depend crucially on the content of H

2
O in the CO

2
 band.

In conclusion, one possible cause of the strong difference
in the solutions obtained by different models could be the
discrepancies in the amount and distribution of H

2
O in the

atmosphere, and specially in the treatment of the effect of
H

2
O in the CO

2
 band from 12 to 19µ.
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