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Atmospheric Carbon Dioxide and Aerosols:
Effects of Large Increases on Global Climate

Abstract. Effects on the global temperature of large increases in carbon dioxide
and aerosol densities in the atmosphere of Earth have been computed. It is found
that, although the addition of carbon dioxide in the atmosphere does increase the
surface temperature, the rate of temperature increase diminishes with increasing
carbon dioxide in the atmosphere. For aerosols, however, the net effect of in-
crease in density is to reduce the surface temperature of Earth. Because of the
exponential dependence of the backscattering, the rate of temperature decrease
is augmented with increasing aerosol content. An increase by only a factor of 4
in global aerosol background concentration may be sufficient to reduce the sur-
face temperature by as much as 3.5°K. If sustained over a period of several years,
such a temperature decrease over the whole globe is believed to be sufficient to

trigger an ice age.

The rate at which human activities
may be inadvertently modifying the
climate of Earth has become a problem
of serious concern (). In the last few
decades the concentration of CO, in
the atmosphere appears to have in-
creased by 7 percent (2). During the
same period, the aerosol content of the
lower atmqgphere may have been aug-
mented by as much as 100 percent (3).
How have these changes in the com-
position of the atmosphere affected the
climate of the globe? More importantly,
is it possible that a continued increase
in the CO, and dust content of the at-
mosphere at the present rate will pro-

Table 1. Parameters used in the atmospheric
model.

Parameter Value
Surface temperature, 288°K
T, (global average)
Surface pressure, P, 1013 mb
Tropospheric lapse —6.5°K/km
rate (dT/dz)
Relative humidity 75 percent

(surface)

Vertical distribution
of water vapor
mixing ratio (w)

Wa/Wo = (P:/Po)*

Cloud cover 50 percent
(global average)
Effective cloud 5.5 km
top height
CO, amount 0.3 part per
thousand
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duce such large-scale effects on the
global temperature that the process may
run away, with the planet Earth even-
tually becoming as hot as Venus
(700°K) or as cold as Mars (230°K)?

We will report here on the first re-
sults of a calculation in which separate
estimates were made of the effects on
global temperature of large increases
in the amount of CO, and dust in the
atmosphere. It is found that even an
increase by a factor of 8 in the amount
of CO,, which is highly unlikely in
the next several thousand years, will
produce an increase in the surface tem-
perature of less than 2°K. However,
the effect on surface temperature of an
increase in the aerosol content of the
atmosphere is found to be quite sig-
nificant. An increase by a factor of 4
in the ‘equilibrium dust concentration
in the global atmosphere, which can-
not be ruled out as a possibility within
the next century, could decrease the
mean surface temperature by as much
as 3.5°K. If sustained over a period of
several years, such a temperature de-
crease could be sufficient to trigger an
ice age!

To perform these calculations we

adopt a model atmosphere that reflects’

present-day globally averaged condi-
tions. The values of the various param-
eters used in the atmospheric model are
given in Table 1.

The model atmosphere is divided into

60 layers, each with a thickness of 15
km, from the surface to an altitude of
30 km. The temperature decreases with
altitude with a lapse rate of 6.5°K per
kilometer until it attains a value of
218°K. Above this level the atmosphere
is assumed to be isothermal. The con-
centrations of H,0 and CO, listed in
Table 1 were adopted for the layers of
the model.

The outgoing flux is computed for
every 10-cm—1 interval in the infrared
between 4 and 100 um from the equa-
tion

Ty

Bo=B.e +{ BUT.) ¢ " dn,
1)

where B, is the total blackbody radia-
tion in a 10-cm—! frequency interval
reaching the top of the atmosphere;
Ba, is the surface radiation; 7, is the
total optical thickness of the atmosphere
above height z, given by

Ty, = ﬁfm(ijl + Kupo) dz

where K, and K, are the absorption
coefficients of CO, and H,0, and p,,
ps, are their respective densities; 8, the
average increase in optical path length
from diffuse radiation, is taken to be
1.66.

Equation 1 was integrated over fre-
quencies between 4 and 100 pm to
obtain the total radiation emitted by
Earth to space. As indicated in Table
1, one-half of Earth is considered to
be cloud-covered at an effective radi-
ating altitude of 5.5 km. The clouds:
are assumed to be “black” to infrared
radiation, and, therefore, the outgoing.
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Fig. 1. Change in tropospheric tempera--
ture as a function of the amount of COs
in the atmosphere. The dashed curve is;
computed for constant surface absolute:
humidity, and the solid curve is for the:
case in which surface relative humidity is’
maintained constant. Note that the rate:
of temperature increase diminishes with.
increasing CO, in the atmosphere.
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qux for Earth over the cloudy re-
 gion is computed only from the cloud
: top and the atmosphere above the cloud
jevel.
I- The total radiation leaving the Earth-
b atmosphere system from the model de-
 gribed above was found to be 0.3450
 cal/cm? per minute. For this calcula-
 tion the absorption coefficients for CO,
 and water vapor of Elsasser and Cul-
bertson (4) were used, except for the
f region from 7 to 14 pm for which
£ the values of Prabhakara and Rasool
(5) were used. The total outgoing radi-
E ation flux calculated here will be in
 balance with ‘the incoming solar radia-
f tion for a planetary albedo of 31 per-
E cent; this value is close to the observed
k value of 30 percent (6) and the com-
t puted estimate of 33 percent (7). A
| planetary albedo of 31 percent in this
L model can be reconciled by assuming
¥-an albedo of 52 percent for the clouds
fand 10 percent for the cloudless regions
 of Earth (8).
|- The values given by the model atmo-
 sphere described above for both out-
{ going and incoming radiation seem to
"be in close agreement with the values
- measured by meteorological satellites
(6). We conclude, therefore, that the
‘model reflects the present-day condi-
tions of the atmosphere of Earth.
To calculate the effect of an increase
in CO, on the surface temperature, we
recompute the total outgoing flux,
B, dv, from the model atmosphere for
Llssumed increases in the CO, amount
-by .factors of 2, 4, 6, and 8. The effect
fof.mcrease in CO, is to reduce the out-
'xomg infrared flux to space. This re-
-duction takes place because p, has in-
‘Creased, which ‘augments the opacity
-Toe; therefore, for a given surface tem-
7Perature T,, § B.dv must decrease.
%Hence, in order to balance the incom-
40g solar flux (which does not change
in the model with the increase in C0,),
fihe temperature in the troposphere and
at the surface must increase (9). The
Computed values of the increase in
fropospheric temperature required to
 Palance the incoming solar flux, .for
Scveral values of CO, concentration in
»the atmosphere, are presented in Fig.
1 The dashed curve represents the case
-0 which the absolute humidity near the
s“l’.face is assumed to be constant; the
”hd curve is computed for the case
10 which the surface layer is main-

- iltained at a constant relative humidity.

:s“ the latter case a higher temperature
;8 produced because there is more wa-
g«;ter vapor in the warmer atmosnhere.

humidity as constant is believed to be
meteorologically more sound (10, 11).
From our calculation, a doubling of

'CO, produces a tropospheric tempera-

ture change of 0.8°K (I/2). However,
as more CQO, is added to the atmo-
sphere, the rate of temperature increase
is proportionally less and less, and the
increase eventually levels off. Even for
an increase in CO, by a factor of 10,
the temperature increase does not ex-
ceed 2.5°K. Therefore, the runaway
greenhouse effect does not occur be-
cause the 15-um CO, band, which is
the main source of absorption, “satu-
rates,” and the addition of more CO,
does not substantially increase the in-
frared opacity of the atmosphere. But,
if the CO, concentration in the atmo-
sphere becomes so high that the total
atmospheric pressure is affected (which
will require a CO., increase by a factor
of 1000 or more), then the absorption
bands will broaden, the opacity will in-
crease, and the temperature may start
to rise so rapidly that the process could
run away (13). However, this appears
to be only a remote possibility for
Earth, even on a geological time scale,
as a large buildup of CO, in the atmo-
sphere will be severely restrained by its
interaction with the oceans, the bio-
sphere, and the crust (I14).

The main conclusion of this part of
the study is that even an order of mag-
nitude increase of CO, in the atmo-
sphere by human activities, which at
the present rate of input is not ex-
pected within the next several thousand
years, may not be sufficient to produce
a runaway greenhouse effect on Earth.
On the short time scale, if CO, is aug-
mented by another 10 percent in the
next 30 years, the increase in the global
temperature may be as small as 0.1°K.

A calculation of the effect of aerosols
on the global temperature is much
more complicated than is the calcula-
tion for CO,. Aerosols, depending on
the composition, number, size, and
shape of their particles, will scatter and
absorb not only the solar radiation but
also the planetary radiation, and in
varying proportions. If the backscatter-
ing of the incoming visible radiation by
the aerosols is more significant than
the reduction of the far infrared radia-
tion flux to space, the planetary albedo
will then increase more rapidly than
the greenhouse effect and the net re-
sult will be a cooling of Earth. If
the reverse is true, then the aerosols

will tend to warm Earth. Absorp-
tion of radiation bv aerosols is alen

will now estimate the magnitude of
scattering and absorption of both visi-
ble and infrared radiation by typical
atmospheric aerosols by using the
theory of multiple scattering.

Consider an aerosol layer just above
Earth’s surface (with surface al-
bedo a,). Let r be the fraction of sun-
light backscattered to space from the
aerosol layer, and let « be the fraction
absorbed in the aerosol layer. Then the
transmission through the aerosol layer
is t =1 — r — a. If the average reflectiv-
ity of the surface of Earth is «,, and the
transmission of the aerosol layer from
below is again ¢, then the total or “ef-
fective” albedo of the combined sur-
face—aero.sol system, ay, is

ag = I 4 tayf + fasrad 400t

where, by summing the infinite series,

(2)

A two-stream approximation to the
multiple scattering problem (15, 16)
is used to compute the backscatter
fraction r and the transmission fraction
t of an aerosol layer of optical thick-
ness !

ap = r + [Pas/ (1 — aur)]

_ () (u—1)[e" —e

r= (4 1)e” — (u—1)e"™
and
= 4u
T w41 —(u—1)e"
where
u:{ l—w(.(coso)g’/’
1 —w
and

r=V3u(l —w)rn

The optical thickness of an aerosol
layer is

Th = 0 AZ

where ox is the average extinction co-
efficient (per kilometer) of the layer
and Az (in kilometers) is the average
depth. Since the extinction coefficient
is proportional to the number of aero-
sol particles, = will increase if the
rate of the. particulate loading of the
atmosphere increases, eitheg, by more
frequent volcanic activity or by a rapid
industrialization of the world.

To determine numerical values of ¢
and r for a given aerosol layer of opti-
cal thickness 7, we need to know e,
the single scattering albedo, and {cos §),
the asymmetry factor. The single-
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oI a given wavelengin by NC palticies.
The asymmetry factor (cos §) describes
the degree of forward scattering and
depends upon the real part of the re-
fractive index of the aerosols, n,. For
100 percent forward scattering, (cos
#) = 1; for isotropic scattering (50 per-
cent backscatter), (cos #) = 0; and for
100 percent backscatter, (cos §) = — 1.
These parameters are described further
by Hansen and Pollack (17).

Values of (cos 8), wy, and o» have
been computed (I6) for both visible
and infrared wavelengths from Mie
theory, on the assumption of a particle
size distribution n(r) = r—* [where n(r)
is the number of particles with radius
r, and the particle size range is 0.1
pm < r < 10 um] and for n, = 1.5. For
visible radiation the median wavelength
chosen is Ayg=0.55 pum, and for
infrared, Ay = 10 um.

The value of (cos §) was computed
to be 0.64 for these parameters. As for
wg, because of the uncertainty in n;, we
consider two extreme values, o, equal
to 0.99 and 0.90, in the visible. The
former value corresponds to negligible
aerosol absorption, and the latter num-
ber is for the case in which aerosol
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in the infrared, which implies a large
absorption fraction and, therefore, a
small value of wy. Again, two values
for wy, 0.83 and 0.28, were considered,
corresponding to n;,=0.01 and n; =
0.1, respectively.

Lastly, o» was computed for the vis-
ible and the infrared for Mie scattering.
For oy = 0.99 in the visible and oy, =
0.28 in the infrared, o/ ovg = 0.108.
The result is in agreement with the
earlier calculation of Barnhardt and
Steele (I8, figure 4).

In Fig. 2a, we plot the variation in
the solar flux absorbed by the Earth-
atmosphere system computed for vari-
ous values of ryg of the aerosol layer.
When there are no aerosols (7yig = 0),
the absorbed solar flux is computed to
be 0.35125 cal/cm? per minute. This
corresponds to a planetary albedo of
29.75 percent due to clouds and the
surface. However, as the aerosols in-
crease, the albedo of the cloudless frac-
tion of Earth increases (19) and the
absorbed solar flux decreases, as is
shown in Fig. 2a. In the same figure,
we also plot the values of infrared flux
to space for various surface tempera-
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Fig. 2. (a) Both the absorbed solar radiation and infrared flux to space are plotted as

a function of increasing accumulation of aerosols in the atmosphere. The absorbed -

solar flux decreases rapidly with increasing optical depth for both values of the single
scattering albedo parameter, w,. The infrared flux to space, calculated for several
values of surface temperature, is practically unaffected by increasing aerosols. (b) The
intersection of infrared and visible flux values, which determine the surface tempera-
ture for a given optical thickness, rvis, are cross-plotted. Note that the rate of decrease
in the global temperature grows with increasing aerosols,
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e Cas€ vy — V.20, 1110 ULIRD  Lda3C,
we = 0.83, produces infrared flux
curves, in the range of 7z considered
here, that are nearly identical with the :
plotted case; it is, therefore, omitted
from the figures. The most significant
result is that the effect of aerosols on
the visible radiation is much more pro-
nounced than is their effect on the in-
frared. The reasons for this difference
are: (i) for this aerosol layer, 7y =
0.108 7viq, and (ii) the top of t'e
aerosol layer has been assumed fixed |
at 1 km. The consequence of this as-
sumption is that, even if the aerosol
layer were infinitely opaque to the in-
frared radiation from below, the total
outgoing flux would be decreased by
only 0.0084 cal/cm? per minute (com-
puted from the model atmosphere of
Table 1), because the top of the aero-
sol layer now behaves as a black cloud
top and radiates at a temperature that
is (at most) 6.5°K colder than the
surface. ;

In Fig. 2a, the point of intersection
of the solar and infrared flux curves
determines the equilibrium surface
temperature, T, °K, as a function of .
optical thickness of the aerosols. This *
result is cross-plotted in Fig. 2b for -
the two values of w, used in Fig. 2a. 3

It is noteworthy that the rate of de- ;
crease in surface temperature at small- j
er optical thicknesses is small, whereas, -
for larger values of 7y (> 0.1), the :
surface temperature falls precipitously :
with increasing opacity because of the -
exponential dependence of the back-
scattering on Tyig.

The next important problem is to -
determine the optical thickness of the |
aerosols at the present time and the |
rate at which this thickness is expected
to increase in the next several decades. -

In seeking to determine the present !
optical thickness of the aeroso's, it is
important to note that the value needed |
here is a global average of the equi- ¢
librium dust content of the atmosphere. |
Although several measurements of the
atmospheric opacity in the visible have
been made at various locations, partic-
ularly over the cities (20), only very |
few studies of the global background |
turbidity due to aerosols are available i
(21, 22). Porch et al. (21) actually |
measured - the total scattering coeffi-
cient of the atmosphere over remote, |
least polluted regions of the United !
States; after subtracting the Rayleigh
part, they found a vaiue of 7y due t0 :
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gerosols in the range between 0.032
gnd 0.18, with the majority of the
Lvalues lying around 0.10. These num-
Lvers also agree with recent observa-
fiﬁons of Herman et al. (22). We there-
 fore adopt here a value of 7y = 0.1,
b In regard to the rate of secular in-
f crease in the global background opacity
of the aerosols, several recent studies
 suggest that the global dust content of
b he atmosphere has been increasing
 during the last few decades, perhaps
v as much as a factor of 2 in the last
b 60 years (23, 24).

i Even if we assume that the rate of
scavenging and of other removal pro-
: cesses for atmospheric dust particles re-
 mains constant, it is still difficult to
f predict the rate at which global back-
ground opacity of the atmosphere will
L increase with increasing particulate in-
-‘ jection by human activities. However, it
is projected that man’s potential to pol-
b lute will increase six- to eightfold in the
[ next 50 years (24). If this increased rate
L of injection of particulate matter in the
Fatmosphere  shouyld raise the present
 global background opacity by a factor
fof 4, our calculations suggest a de-
bcrease in  global temperature by as
f much as 3.5°K. Such a large decrease
Lin the average surface temperature of
FEarth, sustained over a period of few
fyears, is believed to be sufficient (25)
o trigger an ice age. However, by that
2time, nuclear power may have largely
replaced fossil fuels as a means of
 energy production.

S. I. RasooL
4 S. H. SCHNEIDER
 Institute for Space Studies, Goddard
- 8pace Flight Center, National
e Aeronautics and Space Administration,
New York 10025
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Normal Atmosphere: Large Radical and Formaldehyde

Concentrations Predicted

Abstract. 4 steady-state model of the normal (unpolluted) surface atmosphere
predicts a daytime concentration of hydroxyl, hydroperoxyl, and methylperoxyl
radicals approaching 5 X 108 molecules per cubic centimeter and a formaldehyde
concentration of 5 X 101 molecules per cubic centimeter or 2 parts per billion,
A radical chain reaction is proposed for the rapid removal of carbon monoxide,
leading to a carbon monoxide lifetime as low as 0.2 year in the surface atmosphere.

Although numerous workers ()
have studied the photochemistry of
minor constituents in the upper atmo-
sphere, less attention has been paid to
the photochemistry of the atmosphere
near the ground where significant con-
centrations of water vapor, methane,
carbon monoxide, ozone, and oxides of
nitrogen are naturally present (2).

The dissociation of ozone at the
ground level by sunlight in the wave-
length range from 2900 to 3400 A
produces metastable atomic oxygen,
O(D). The metastable species is rap-
jdly quenched by collisions with air

molecules, but a small fraction, 1 X
10—2, reacts with water to produce
hydroxyl radicals at a rate exceeding
105 molecule cm—3 sec—1. The hy-
droxyl radicals then react with carbon
monoxide, ozone, and methane to pro-
duce hydroperoxyl radicals, which, in
turn, oxidize nitric oxide to nitrogen
dioxide and reform hydroxyl radicals.
These chain reactions, which rapidly
interconvert hydroxyl and hydroperoxyl
radicals, may provide the dominant
mechanism for removing atmospheric
carbon monoxide and methane and for
producing formaldehyde in the normal
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