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Global Distribution of the Net Energy Balance of the
Atmosphere from Tiros Radiation Data

Abstract. The radiation data from Tiros 1l and Tiros III have been analyzed
to obtain the monthly averages of the global distribution of the total outgoing
radiation from the earth. These data have been combined with climatological
estimates of the incoming radiation for the same periods to obtain monthly
averages of the regional distribution of the net energy balance. The results show
that these data could be useful in studies of the meridional circulation and the

evolution of large-scale weather systems.

We have carried out an analysis of
the radiation data acquired by the Tiros
meteorological satellites, in order to de-
termine the regional and time varia-
tions in the energy balance of the earth
‘and its atmosphere.

The energy balance of the earth-
atmosphere system is made up of the
difference between the incoming solar
radiation, mostly in the visible, and the
outgoing terrestrial radiation in the
infrared. It is well known that the lati-
tudinal variation of the energy balance
shows an excess of incoming solar ra-
diation over outgoing radiation near the
equator, and a deficiency at the poles.
It is this variation of the energy balance
with latitude that drives the atmospheric
heat engine. Thus, through the determi-
nation of the latitudinal average of the
energy balance with the aid of the
Tiros data, we obtain the information
which is necessary to understand the
general circulation of the atmosphere.

At the same time, we have obtained
some information regarding the regional
variations in the energy balance of the
earth-atmosphere system. Knowledge of
these variations gives us a very im-
portant source of information for the
understanding of large-scale weather
systems. )

Simpson (I) carried out the first ex-
tensive studies of the atmospheric en-
ergy balance, by the application of a
simplified radiation theory to empirical
physical models of the atmosphere. This
problem has since been re-examined by
Houghton (2), London (3), Budyko
(4), and others.
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The radiation instrumentation in
Tiros, and the physical significance of
this experiment, have already been dis-
cussed in detail by Bandeen et al. (5)
and Nordberg et al. (6).

Three of the five channels of the
Tiros radiometer measure terrestrial
radiation in the far infrared, corres-
ponding to wavelength intervals of 5.8
to 6.5 u, 7 to 13 y, and 7 to 30 y. The
other two channels record the solar
radiation reflected by the earth, in the
visible spectrum, which gives an esti-
mate of the albedo of any region.

In Tiros II and Tiros III, which were
active for 5 and 3 months, respectively,
the channels which measure the re-
flected visible energy. degraded very
quickly, and almost no data are avail-
able for these channels. It is also possi-
ble to obtain information regarding the
solar input by the statistical analysis of
the Tiros cloud-cover photographs (7),
but this analysis is still in a preliminary
stage. Therefore, for this first study of
the energy balance, we have used the
climatological estimates of Budyko (4)
for the incoming radiation. These give
the monthly averages of solar radiation
reaching the ground as a function of
latitude and longtitude, as derived from
ground-based pyrohelimeter data.

For the outgoing radiation we have
used the Tiros data in the infrared
channels. Channel 4, which is sensitive
in the 7- to 30-y interval, and thus re-
cords almost 80 percent of the total
outgoing radiation from the earth, also
degraded after approximately 1 month
in each of the satellites. The data from
channel 2, sensitive in the 7- to 13-4

interval, however, is available from 23
November 1960 to 12 April 1961 for
Tiros II and from 12 July to 10 Sep-
tember 1961 for Tiros III. There was
some degradation in this case also, but
fairly good estimates of the correction
factors for this channel are now avail-
able.

Wark et al. (8) have shown that data
from this channel can be used to ob-
tain reasonably good estimates of the
total outgoing radiation from the earth.
Numerical factors for converting chan-
nel 2 measurements to total outgoing
radiation are now available for both
Tiros II and III. A comparison between
the values of total outgoing radiation
derived from channels 4 and 2 for the
overlapping period give satisfactory
results.

To obtain an estimate of the tem-
poral ‘as well as regional variations in
the total outgoing flux, we have di-
vided the surface of the earth into in-
tervals of 10° latitude by 10° longti-
tude between 50°N and 50°S. Because
the inclination of the satellite orbit is
48° the data for polar regions are not
available. All measurements made by
the satellite in each of these intervals,
at nadir angles less than 25°, have been
converted to the total outgoing flux
and - averaged separately for each
month. There are approximately 500
observation points per month in' each
10° square.

The total outgoing flux estimated in
this manner is, however, liable to have
a small diurnal bias. This is because
the orbit of the satellite precesses in
right ascension at a rate of 6° per day,
or it has a precession period of 9
weeks. Therefore our results for the
total outgoing radiation are affected by
the diurnal variation of the ground
temperature. However, this effect is
small for the particular case of this
study which is concerned with the long-
period averages over large areas. Be-
cause of the cloudiness and the pres-
ence of water vapor, the average of the
channel-2 data over large regions and
extended periods of time does not give
the ground temperature, but has been
shown (9) to give the effective temper-
ature at a height of about 3 km, and
therefore the effect of the diurnal vari-
ation is much reduced.

As mentioned earlier, for the incom-
ing radiation we have used the clima-
tological estimates of Budyko (4),
which are based on the ground observa-
tions of solar radiation, and are given
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as monthly averages, also in 10° by 10°
grids. These values were corrected

for the absorption of solar radiation by
the atmosphere, which, according to
London (3), varies with latitude and

”Fig. 1. December 1960.

Fig. 3. February 1961.

"Fig. 5. July 1961.

(Fig. 3), March 1961 (Fig. 4), July 1961 (Fig. 5),

season and is about 30 to 40 percent
of the radiation which reaches the
ground. The energy balance for each
10° by 10° grid, that is, the difference
between these corrected values of in-

sec™ and extreme light shade < — 1.65 X 10° ergs cm-? sec™.
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coming energy and the Tiros-measured
values of the outgoing energy, is plotted
on a month by month basis in Figs. 1
through 6.

These correspond to the months of

Fig. 2. January 1961.

Fig. 4. March 1961.

Fig. 6. August 1961.
Figs. 1-6. Distribution of net energy balances for the months of December 1960 (Fig. 1), January 1961 (Fig. 2), February 1961

and August 1961 (Fig. 6). Extreme dark shade ~ > + 1.75 X 10° ergs cm™
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December 1960 and January, February,
March, July, and August 1961, re-
spectively. The dark areas corre-
spond to a positive energy balance,
that is, an excess of incoming radiation
over the outgoing. The light areas indi-
cate regions of negative balance. In
these figures, the darkest shade (for
example, southwestern United States in
July) has a value of > + 1.75 X 10°
ergs cm™ sec™, while the lightest shade
(for example, 40°N to 50°N belt in
December) corresponds to < — 1.65 X
10° ergs cm™ sec™. The intermediate
values of the energy balance are plotted,
in steps of about 0.5 X 10° ergs cm™
sec™, as seven gradations of the shading
level.

The two triangular regions compris-
ing parts of South America and Siberia
have been left blank because data from
Tiros are not available in those re-
gions. Also the several other 10° by 10°
grids left blank in March and July are
due to. nonavailability of data from
Tiros for these regions.

A preliminary examination of these
figures reveals several interesting fea-
tures.

1) In December and January, the
regions of maximum positive energy
input are located in the latitudinal belts
of 20°S to 50°S, while in July and
August it is the 10°N to 40°N belt
which has a high excess of energy. The
evolution of this phenomenon is re-
vealed by the charts for February and
March.

2) The geographical distribution of
the energy balance appears to be such
that the desert areas of Africa, Aus-
tralia, the Middle East, and southwest-
ern United States show extreme posi-
tive energy inputs in the local summer.

3) The effect of the monsoon over
India is noticeable in comparing the
charts for March and August 1961. The
net energy input over India is lower in
August than in March, presumably be-
cause of the heavy monsoon cloud
cover, although if it were not for the
monsoon, one would expect a very high
excess of energy in the summer month
of August.

4) In the Northern Hemisphere, the
region of the western Pacific appears
to show a relative deficit in energy
during all the 6 months. This area is
well known for strong cyclogenic ac-
tivity. As in the case of the monsoon,
the high cloudiness produced by the
cyclogenesis probably accounts for the
observed low input in energy.
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A detailed analysis of these charts,

in conjunction with the actually ob-

served global distribution of the weather
patterns for the respective months,
may provide a better understanding of
the role played by the energy balance
of the atmosphere in the evolution of
weather systems.

S. I. RasooL
Goddard Institute for Space Studies,
National Aeronautics and Space
Administration, New York,
and Department of Meteorology,
New York University, New York
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Latitudinal Distribution of Cloud
Cover from Tiros III Photographs

Abstract. Television pictures from
the Tiros Il satellite have been an-
alyzed on a computer to give the lati-
tudinal distribution of cloud cover dur-
ing the summer of 1961. The results,
which will be useful in studying the
heat balance of the atmosphere and in
the determination of vertical motion,
show good agreement with the long-
term average cloudiness derived from
data accumulated during 50 years of
ground observations.

The global distribution of cloud cover
is now being investigated by the analy-
sis of photographs from Tiros meteor-
ological satellites. The aim of this cloud-
cover study is to derive basic informa-
tion on the radiation energy balance

of the atmosphere, and on the vertical
atmospheric motions which are re-
vealed by the existence of clouds. The
type of information yielded by this
analysis is important for studies of cli-
mate and for investigations of the gen-
eral circulation of the atmosphere.

The energy input which sets the at-
mosphere in motion is given by the dif-
ference between the incoming solar
energy, consisting of radiation primarily
in the visible part of the spectrum, and
the outgoing energy, consisting of radi--
ation from the earth and the atmos-
phere in the far infrared part of the
spectrum. The main control over the
incoming solar radiation is provided
by clouds, which can reflect up to 80
percent of the incident visible radia-
tion, depending upon their thickness
and type. Reflection by the atmosphere
and the underlying surface is much
less; it is about 8 to 10 percent for the
atmosphere, from 3 to 20 percent for
most terrains, and, in general, only a
few percent for large bodies of water.
Calculations of the available solar en-
ergy are thus strongly dependent on
knowledge of the cloud-cover distri-
bution.

The most important factors which
govern the distribution of the outgoing
infrared radiation are the ground tem-
peratures, the amount of water vapor
in the atmosphere, and particularly the
extent and height of the clouds.

It is thus seen that the distribution
of cloudiness plays an important role
in the determination of both the inflow
and the outflow of energy through the
earth’s atmosphere. Thus far, the dis-
tribution of clouds—amount, types,
and approximate heights—have all been
taken from ground-based observations.
Satellite observations enable us to ob-
tain extensive cloud-cover data on a
global scale in a relatively short period
of time. :

Each Tiros satellite contains two tele-
vision camera systems which photo-
graph the cloud cover. Some satellites
(Tiros II, III, IV, and VII) contain, in
addition, radiometers to measure emit-
ted infrared radiation and reflected visi-
ble radiation from the earth, atmos-
phere, and clouds. The data from the
visible and infrared radiometers would
ordinarily be sufficient for deriving the
energy balance, but only on Tiros VII
did the visible radiometer channel work
successfully. From the cloud-cover dis-
tribution, however, one can estimate
the reflected radiation in the visible
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