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Influence of various physical factors upon the
radiative equilibrium of the atmosphere
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ABSTRACT. The effects of given variations in water vapour, carbon dioxide, and ozone upon the radiative
equilibrium of the stmosphere have been investigated. The equilibrinm temperature has been computed as an

asymptotic steady state by marching process.

The study has shown that water vapour can alone account for 96-7 per cent of the temperature distribution
of the troposphere, whereas ozone together with carbon dioxide can practically account for the temperature
distribution of the stratosphere. Ozone is theonly gas responsible for maintaining warm stratosphere. The surface
albedo and hence the ground temperature plays a very important role in fixing the temperature distribution of the

vertical column.

1. Introduetion

Under the influence of radiative processes alone,
the vertical distribution of temperature in the
atmosphere tends to adjust itself in such a way
that the heating caused by solar radiation and the
cooling due to terrestrial radiation balance each
other at every level. Absorption of solar radiation
ig a function of the amount of absorbing material,
the solar altitude, and the albedo of the earth’s
surface and of clouds. The terrestrial radiation
is determined by considering the radiative ex-
change processes between the various levels in
the atmosphere and it is essentially a function of
the distribution of the absorbing material in
the vertical. In an earlier work (Godbole et al.
1970), hereafter referred to as paper A, the
authors computed the radiative equilibrium tem-
perature (RET) of the atmosphere using a model
which incorporated the effects of the absorption
of solar and terrestrial radiation by water vapour,
carbon dioxide, and ozone, as well as the effects
of convection. In the present work, the interaction
between the heating and cooling components
due to given changes in the amount of water
vapour, carbon dioxide, and ozone and in the values
of surface albedo has been investigated. Such
a study would help understand the relative im-
portance of each of these factors at different
heights under different conditions and the sensi-
tivity of the equilibrium temperature towards
changes in each individual factors. Manabe and
Wetherald (1967) have reported similar work
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but for given conditions which are widely diflerent
from those considered in the present study.

2. Method of computation

The method of approach to the problem consists
of computing the RET for a given sef of mean
atmospheric conditions and recomputing it for
arbitrary changes introduced in the mean atmos-
pheric conditions. Changes considered are intro-
duced only in one parameter at a time; other
parameters remain unchanged from the mean
values, The mean atmospheric conditions consi-
dered are those for the month of July at the
location 22-5°N and 80°E which corresponds to
one of the eighteen grid points at which RETSs
were computed m paper A. The heights and pre-
ssures of the sigma-levels used in the present
study are shown in Tabel L.

Paper A describes in detail the method of
computation with convective adjustment of
temperature. The same method is being adopted
in the present study. The RET is computed by
marching process with standard atmospheric
temperature distribution (U. 8. Standard Atmo-
sphere, 1962) as initial condition. The iterations
are continued in time steps of 6 hours until the
difference between the daily mean temperatures
on two consecutive days becomes less than 0-01
degree. Equilibrium is normally found to have
reached after 800 time steps which corresponds
to 200 days, and only in a few cases, the iterations
had to be extended to 300 and even 400 days,
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22-5° N and 80°E. Mean for July Fig. 2. Radiative equllibrium temperature with
convective adjustment
8. Basle Daia TABLE 1

The distributions of water vapour, carbon Helghts of (e sigmaclovels &nd - eerrespondiing prossires
dioxide, and ozone used in the present study RETs are computerd b}; “;‘;‘-r“-_"i""tlt‘-l‘l'?ls 0;\'&'- Mixing ratios
are shown in Fig. 1. The mixing ratio of water N e
vapour below 500 mb has been obtained on the
basis of the observed data for July 1964-65. @ - level Value of Height H  Pressure P

Above 500 mb, the mixing ratio as shown in the (k) a (km) (mb)
figure has been extrapolated until a value corres- S —_—
ponding to frost point of 190°K is reached. There- 1 -000 0 0-00
after, the mixing ratio has been assumed to h -010 ‘;}) 41 9-69
follow constent frost point of 190°K (Manabe and 2 :333 1:}&? %:i?
Moller 1961). For convenience of computation 24 140 14:25 136-10
the mixing ratio at the top of the atmosphere gé i it S
is assumed to be equal to one o-level below it. 4 -369 7-96 358-65
At the earth’s surface, the mixing ratio of water 4 -456 6-46 443-12
vapour is determined by wusing the relation 51 e, o gk
rq = Pr, (Ty), where ry is the mixing ratio at 6 714 3-08 694-16
the earth’s surface, B is a constant arbitrarily g% -791 2-26 769-14

; i e 3 -860 1-60 835-61
fixed and r(T) is the saturation mixing ratio at 73 .918 1-06 891-78
the surface temperature T'y. The value of B consi- 8 -962 -67 934-71
dered in the present study is 0-6. 3} -990 44 962-22

(surface) 1+000 +36 971-919
The mixing ratio of carbon dioxide has been
assumed to be constant at 0-:456 (gm/kgm) at ot — Q2 (3—2Q0) — pr/ps
all the levels. The ozone mixing ratio has been p ‘
determined on the basis of the available observed W
data for July 1964-65. The values of clond amount, 2k—1 '
Qk b T R k= %: 9! %
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surface albedo, absorptivity and emissivity, solar
constant and solar altitude as considered in paper
A are used in the present study. and py is the surface pressure,
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Fig. 3. Radiative equilibrium temperature obtained for
(A) normal atmosphere (B) Water vapour
atmosphere (C) Carbon dioxide atmosphere

and (D) Ozone atmosphere
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4. Results

1. RET under normal conditions

Fig. 2 shows the computed RET obtained with
the observed mean distributions of water vapour,
carbon dioxide, and ozone referred to above.
The equilibrium condition was reached after 800
time steps or 200 days. The temperature distribu-
tion shows two regimes of lapse rate (positive
and negative) typical of troposphere and
stratosphere.  Since  an  absorbing  gas
which decreases (increases) with height gives rise
to cooling (warming) of the atmosphere, the
positive lapse rate seen in the troposphere is
mainly due to the water vapour. The negative
lapse rate in the stratosphere is essentially due
to the absorption of solar radiation by ozone.

2. Effect of change in gas distribution on RET

The individual contributions of water vapour,
carbon dioxide, and ozone have been studied in
three different ways. In the first instance, only
one gas at a time is considered to be present in
the atmosphere; subsequently, only one gas ata
time is considered to be absent. Later, the effect
of changes in the distribution of a single gas is
studied, the other two gases having their normal
mean distribution as shown in Fig 1.

Presence of one gas only — Fig. 3 shows the
RETSs obtained by condsidering only the presence
of one gas at a time. For comparison, the RET
obtained with normal distribution of gases
(curve A) is also shown in the figure. It is seen that
neither the water vapour atmosphere (curve B)
nor the carbon dioxide atmosphere (curve C)
shows either isothermaley or inversion in the
stratosphere. Instead, the temperature monoto-
nically decreases with height in both the cases
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Fig. 4. Radiative equillbrium temperature, obtained for
(A) Normel atmosphere (B) Waler vapour absent
(C) Carbon dioxide ahsent and (C)) Ozone absent

(curves B & C). Manabe and Strickler (1964),
in a somewhat similar study, have arrived at
the same results. However, the ozone atmosphere
(curve D) shows the existence of tropopause but
its height is lower than that of the normal atmos-
phere. On the whole, a comparison of RETs in
Fig. 3 brings out the importance of ozone in
maintaining warm stratosphere.

It is also seen from Fig. 3, that curve (B) runs
very close and parallel to curve (A) frem the
surface upto about 12 km suggesting that water
vapour plays the most dominant role in determin-
ing the radiative equilibrium of the troposphere.
The water vapour atmosphere as well as the
carbon dioxide atmosphere are seen to be colder
than the normal atmosphere at all the heights. In
addition, the carbon dioxide atmosphere is found
to be colder than the water vapour atmosphere in
the troposphere but warmer in the stratosphere.
In the ease of the ozone atmosphere, the devia-
tion of RET is positive in the upper troposphere
and stratosphere where the ozone is present in
significant amounts.

Table 2 which gives the values of percentage
deviation of RET due to anindividual gas from
that due to normal atmosphere shows quantita-
tively as to what extent the presence of one
gas alone at a time accounts for the normal
temperature distribution. The percentage devi-
ation is uniformly low in the troposphere in the
cagse of the water vapour atmosphere. The mean
value of the percentage deviation noticed for the
troposphere which is 3-25 suggests that water
vapour atmosphere alone would account for
96-75 per cent of the temperature distribution
of the entire troposphere,
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Fig. 5. Radiative equilibrium temperature for given
changes in the mixing ratio of water vapour

TABLE 2
Percentage deviation of RET due to individual gas

The percentage deviation is expressed as —

( RET due to individual gas — normal RET

RET is in °K

Normal RET

) ® 100

TABLE 2

The pereentage deviation is expressed as —

RET isin °K

Normal RET

(RET due to absenee of one gas —normal RET

)xmﬂ

Pereentage deviation of RET due to absence of cne gas

g - level

k

(-]

b

-1

Height H

(km)

7-96

5:16

Percentage deviation

o —level Height H

Percentage deviation
A

m_ummm- ' R e i Water Carbon Oznn:
vapour dioxide alone vapour dioxide absent
alone alone nbsent absent
—62:10 —29-:45 F16-75 1 31-41 +0-63 +9-24 —45-00
—97.60 —I13-64 12810 2 17-61 +1:63 +7-78 —25-02
—3-24 —2:16 423:12 3 11-72 +7-568 —1-62 —0-98
—3-26 —10-24 +6-51 4 7-96 —4:43 —1:55 —1-00
—3:25 —15-03 —1:01 5 Gi-16 —11:30 —1-51 —0-97
—3:20 —17-54 —+ 84 6 308 —14-78 —1-49 —1-00
—3-22  —I18-€7 —8-20 7 160 —16-67 —1:51 —0-98
—3.94 —18:69 —8-20 8 0-67 —17-82 —1-87 —0-99
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Absence of one gas— The RET dne to the absence
of one gas only at a time is shown in Fig. 4. For
comparison, the normal RET (curve A) is also
shown in the figure. Curves (C) and (D) which
are obtained with water vapour as one of the
gases preseni, run very close to cach other and
also to curve (A) all through the tropospheric
region indicating once again the importance of
water vapour in the lower troposphere. On the
other hand, in the stratosphere, curves (B) and
(C) which are obtained with ozone as one of the
gases present run nearly parallel to each other.
Also, these curves which are closer to curve (A)
than curve (D) signify the importance of ozone
in the stratosphere.

The values of percentage deviation of RET due
to the absence of one gas from that due to normal
atmosphere are shown in Table 3. The importance
of water vapour in the troposphere is once again
clearly brought out by the low values of the percen-
tage deviation noticed in the two cases in which
water vapour is present. In the stratosphere,
ozone together with carbon dioxide could account
for practically the entire temperature distribu-
tion, for the percentage deviations of RET noticed
at the two levels considered in the stratosphere
are only 1-63%, and 0-63%,.

Variatwon in one gas only— The mixing ratio
of water vapour alone is considered to have
changed at each level simultaneously in turn
by 50%, 150%, 3009, and 5009, of its value in
the normal atmosphere. The RETs arising from
the changes made are shown in Fig. 5. It is found
that an increase in the amount of water vapour
increases the RET in the troposphere and lower
stratosphere but decreases it in the upper stra-
tosphere. It is also seen that an increase in water
vapour content always tends to raise the height
of the tropopause. This is on account of the incre-
ased cooling effect, due to the increase considered
in the water vapour, extending to higher levels,
before being compensated by the heating due
to ozone, The tropopause has shifted upwards
by 1-8 km when the mixing ratio of water
vapour is increased by 5 times.

The magnitude of the deviation of RET obtained
at each level as a result of the changes considered
in the water vapour concentration is given in
Table 4. A five-fold increase in the concentration
has raised the temperature by 23-4°C at the
sigma-level 5 which is 5-16 km. ‘

The RETs obtained due to similar changes
made in the amount of carbon dioxide are sh ow
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TABLE 4

Temperature deviation of RET due to changes considered
in the water vapour mixing ratio from the normal RET

The temperaturc deviation is expressed as —
(RET due to changes in water vapour amount—XNormal RET)

RET isin K

TABLE 5

Temperature deviation of RET due to ebanges considered
in the earbon dioxlde mixing ratlo from the normal RET

The temperature deviation is expressed as-——

(RET due to changes in carbon dioxide amount—Normal RET)
RET isin °K

Temperature deviation for four
different values of water vapour
mixing ratio (9%,)

A

o - level Height
.
(km)

X
50 150 300 500
1 3141 489 —1.7 —9-8 —12-8
2  17-61 —2-4 404 4556 +7-2
9ol 1178 —56 442 +12:0 +17-6
4 7-96 —6-6 +4-0 4141 4208
5 5-16 —7-8  +55 +15-8 +23-4
8 3-08 —8:6 459 +15-8 +23-2
7 1-60 —9:1 +$6-3 +16:6 +21-5
8 067 —10-2 +46-5 +16-9 -+22-6

Temperature deviation for four

0 - level Height
k H different values of carbon

(km) dioxide mixing ratio (%)
e
"= 53
50 150 300 500
1 31-41 +57 —3-2 —8-6 —I12-1
2 17-61 —0:6 407 +2:3 4+3.7
3 11-72 —0:9 4056 16 2-4
4 7-96 —1-1 406 +1-9 +2-8
5 5-16 —1-2 +40-7 42:2 43-2
6 3-08 —1:3 407 423 13-4
7 1-60 —1-4  +0:8 42:5 438-7
8 0-67 —1-4 408  +2:5 +3-8
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in Fig 6. It is noticed that even the large varia-
tions considered in the carbon dioxide amount
do not significantly alter the temperature distri-
bution in the troposphere and lower stratosphere,
Comparison with Fig, 5 points out that the
effect due to the changes in carbon dioxide is in
the same direction as that due to the changes in
water vapour both in the troposphere and stra-
tosphere, t.e., an increase in its amount tends
to increase the temperature in the troposphere
and lower stratosphere but decreases the tempe-
rature in the upper stratosphere.

Table 5 gives the temperature deviations due
to changes in the mixing ratio of carbon dioxide.
As already stated, even a five-fold increase in the
carbon dioxide amount hardly causes an increase
in temperature by 4°C at the surface. Investiga-
tions by Manabe and Wetherald (1967) have pomn-
ted out that the surface temperature increases
by about 2-3°C by doubling the carbon dioxide
amount with realistic distribution of relative
humidity. In the upper stratosphere, the tempera-
ture deviation is significantly large; being, 12-1°C
at 31-4 km. The results lead to the inference
that any conceivable long term variations in the
concentration of carbon dioxide, due to the
increased human activity, will not materially
contribute towards changing the radiative equili-
brium of the troposphere.

The RETs due to the changes made in the
ozone mixing ratio are shown in Fig. 7. Unlike

TABLE 6

Temperature deviation of RET due to changes considered
in the ozone mixing ratio from the noimal RET

The temperature deviation is expressed as —
(RET due to changes in ozone amount — normal RET)

RET is in °K

o- lovel Height Temperature deviation for four
k H different values of ozone
(km) mixing ratio (%)

¥

150 300 500

+41- +85 415-2
+6:7 +18:0 -26-0
+0:6 424 143
+0:7 +2:8  £5-0
+0-9 3.2 7
+0-9  +1-9 i
7505 g 7
+1-0 422 7

water vapour (Fig. b) and carbon dioxide (Fig. 6)
an increase (decrease) in ozone amount increases
(decreases) the equilibrium temperature at all
the levels in the atmosphere although the increase
(decrease) noticed is very small in the troposphere
as compared to that in the stratosphere. The
height of the tropopause tends to decrease with
increase in ozone amount which is opposite to
what 18 noticed in the case of variations in the
water vepour amount. The decrease noticed in
the height of the tropopause is 1:5 km for a five-
fold increase of ozone amount. :

The temperature deviations obtained due to
the changes made in the mixing ratio of ozone
are given in Table 6. A five-fold increase in the
ozone amount causes an increase of only 5-7°C
at 6+16 km but as much as 26° C at 17-61 km.

3. The effect of surface albedo on RET

The mean value of the surface albedo a, consi
dered in the present study is 0-1. Ap increase
in this value would cause less absorption of solar
radiation into the ground which would result
in the decrease of temperature not only at the
surface but at higher levels also due to the reduced
black body emission from the ground. On the
other hand, an increase in a, would make more
amount of solar radiation available for re-
absorption into the free atmosphere and hence
tend to warm the atmospheric column. A study of
the net effect of these two opposing phenomena
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on the RET is of interest. The results shown in
Fig. 8, point out that an increase in a,, while
decreasing the surface temperature also decreases
the RET of the entire atmospheric column. A
variation of 0-1 in the value of a, in the range
0:0 to 0-4, brings about a change of 9°C at the
surface and 3° C in the stratosphere in the same
direction. The results lead to the inference that
the surface temperature which is, in turn, deter-
mined by the surface albedo, plays a promimnent
role in fixing the temperature of the lower tropo-
sphere. The effect of changes in the surface albedo
is mest pronounced at the ground and decreases
with increase of height.

5. Conclusions

1. Water vapour and carbon dioxide affect the
radiative equilibrium of the atmosphere in such
a way that a decrease in the amount of either
gas decreases the tropospheric temperatures but
increases the stratospheric temperatures. How-
ever, waler vapour has more dominating influ-
ence upon the tropospheric temperatures buf
less influence upon the stratospheric temperatures
than carbon dioxide. Temperature distribution in

R. V. GODBOLE anp R. R. KELKAR

the troposphere is mainly accounted for by the
presence of water vapour. Possible long term
mereases in the value of carbon dioxide do not
affect the temperatures in the troposphere signi-
ficantly.

2. The behaviour of ozone towards the radiative
equilibrium is in same direction both in the
troposphere and stratosphere. Unlike water
vapour and carbon dioxide, an increase in ozone
causes warming throughout the atmosphere and
vice wersa. The warm stratosplere is mainly
accounted for by the presence of ozone.

3. Surface albedo and hence the ground tem-
peyature plays a very important role in fixing the
temperature of the lower tropospheric levels.
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