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THE RADIATION OF THE PLANET EARTH TO SPACE

By C. G. ABBOT

(With Two Plates)

In an illuminating- series of papers, G. C. Simpson recently has

approached the subject of terrestrial and atmospheric radiation to

outer space. The first of these papers is entitled " Some Studies in

Terrestrial Radiation."
l Here Simpson makes the unsatisfactory

assumption that the atmospheric water vapor behaves like a " grey

body " in absorbing radiation. That is, he assumes that general coeffi-

cients of absorption and of transmission may be employed, without

regard to the wave length of the radiation considered. Arriving in

this way at unexpected and questionable results, Simpson then modi-

fied his procedure in a second paper entitled " Further Studies in Ter-

restrial Radiation."
2 Here he makes the following important assump-

tions : (a) The stratosphere contains 0.3 mm. of precipitable water,

(b) The absorptive properties of atmospheric water vapor may be

regarded as so similar to those of steam that Hettner's
3
observations

of the absorption of a layer of steam may be taken as representing the

coefficients of absorption of atmospheric water vapor between wave

lengths 4/x and 34/t.
4

(c) "The stratosphere absorbs all radiation

between wave lengths $i/x and //x, and from wave length 14^ to the

end of the spectrum."

As the Smithsonian Institution has hitherto published considerable

evidence relating to these three subjects, it has occurred to me to see

whether the use of our independently derived data would check well the

1
.Mem. Roy. Meteorol. Soc, Vol. 2, No. 16, 1928.

- IhitL. Vol. 3, No. 21, IQ28.
3
Hettner, G., Ann. Physik. Leipzig, 4th Folge., Band 55, p. 476, 1918.

4 Simpson nevertheless calls attention to the incomplete similarity between

the absorption of concentrated and unconcentrated vapors, and therefore cor-

rects Hettner's curve between Sfi and ii/u from other data derived from atmos-

pheric experiments.

Smithsonian Miscellaneous Collections, Vol. 82, No. 3.
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results of Simpson in this important field. Fowle
J

carried on for

several years, 1908 to 1917, experiments on the absorption of radiation

of long wave lengths by the atmosphere contained in tubes of large

diameter and up to 800 ft. in length. These tubes were laden with

water vapor ranging from 0.2 up to 2.5 mm. of precipitable water,

and of carbon dioxide content ranging from 7 grams up to 160 grams

per meter cross-section at normal temperature and pressure.

In his early experiments, Fowle had established means for deter-

mining the quantity of precipitable water in atmospheric air by means

of measurements on the bands pcrr, </>, and \p of the upper infra-red

solar spectrum. These experiments are fortunately very definite as

to the determination of water vapor equivalent to 0.3 mm. of pre-

cipitable water.

In the summer of the years 1909 and 1910, Abbot observed the

infra-red solar spectrum from Mount Whitney, California, altitude

4.420 m. Bolographs of the spectrum were obtained, having very

satisfactory quality as far as the delineation of the bands par,
<f>,

and \p

is concerned.
2 From these, Fowle determined the quantity of total

precipitable water in a vertical path of atmosphere above Mount

Whitney. On August 14, 1910, he observed 0.6 mm. Considering the

moderate altitude and the summer season, this small observed water-

vapor content hardly prepares one to accept Simpson's assumption

that the stratosphere, which begins at 12,000 m., and is at a tempera-

ture about 50 C. lower than that which prevailed at the summit of

Mount Whitney on that occasion, can contain half of the precipitable

water above that station. We have other evidence leading to the same

view.

At Mount Montezuma, Chile, altitude 2,710 m., we have observed

spectroscopically the total precipitable water in a vertical column

above the station almost daily for about 10 years at all seasons. The

following table gives average values for the 12 months, and also

extreme values for each of these months, together with associated

surface temperatures.

In illustration of the great alterations in the appearance of the solar

energy spectrum depending on the quantity of atmospheric humidity,

we give reproductions of two days' observations at Montezuma,

plates 1 and 2. Note the bands par, <£, \p and ft.

1 Fowle, F. E., Ann. Astrophys. Observ., Vol. 4, pp. 274-286. Astrophys.

Journ., Vol. 38, p. 393, 1913; Vol. 42, p. 394, 1915. Smithsonian Misc. Coll.,

Vol. 68, No. 8, 1 91 7.

2
See Annals, Vol. 4, fig. 50.
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From the tabular data, it is clear that values of total precipitable

water are frequently observed at Montezuma closely approaching the

value assumed by Simpson for the stratosphere. These values are

found in winter, with a surface air temperature of +9° C, on the

edge of the tropics at 2,710 m. altitude.

In view of these observations at Montezuma, and considering the

rapid decrease of humidity with temperature (the vapor pressure at

— 50 and o° C. being respectively 0.03 and 4.58 mm.) and also the

fact that three-fourths of the superincumbent atmosphere lies between

Montezuma station and the bottom of the stratosphere, one is forced

to conclude that the value of the precipitable water contained by the

stratosphere is vanishingly small, rather than 0.3 mm. as assumed by

Simpson. This materially affects his argument, especially that part

which relates to cloudy skies.

As an independent approach, instead of Simpson's two other basic

assumptions, which we have designated as (b) and (c), we have em-

ployed Fowle's two summaries of the results obtained in his long-tube

experiments.
1 To make these results of Fowle's applicable to the

problem of atmospheric radiation and absorption, as set by Simpson,

we have prepared a large scale plot, reproduced in reduced size in

figure 1. From this plot we take table 2. In choosing the quantities

of precipitable water to be used, we have doubled the values given by

Simpson for successive layers in the table he designates as " Fig. I,"

page 72, of his paper " Some Studies in Terrestrial Radiation." This

doubling we do because of the following consideration.

We are proposing to ascertain the radiation which certain layers of

the free atmosphere, containing natural loads of water vapor and car-

bon dioxide, will send upwards in all directions within a solid angle

filling a complete hemisphere. We assume, as does Simpson, that for

monochromatic rays the emission of such a layer bears the same pro-

portion to the emission of the perfect radiator that the absorption of

the layer in question bears to unity. While some rays are emitted ver-

tically, most rays are emitted obliquely, so that the average emission

and absorption of a layer exceeds that which corresponds to the pre-

cipitable water vapor and carbon dioxide found in a vertical path. It

is readily proved by performing the integration over a complete

hemisphere that the average upward path is double the vertical one.

Hence we have doubled Simpson's figures for the precipitable water

contained in the layers he has chosen. These data appear in table 2.

1
See Annals, Vol. 4, Table 102, p. 286; also Smithsonian Physical Tables,

7th Rev. Ed., 4th reprint, p. 308.
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As a second step, we consider the spectral distribution and intensity

of emission of the perfect radiator at different temperatures.
1 By

interpolation on large scale plots we have prepared table 3. This gives

the approximate
2

intensity of emission of the perfect radiator at tem-

peratures corresponding to the mean temperatures of Simpson's lay-

ers, and to those of his selected latitudes of the earth's surface.

Multiplying the values in table 2 by corresponding ones in table 3,

we obtain the emission of radiation outwards from each Simpson at-

mospheric layer towards a complete hemisphere. The values are given

in table 4.

Again interpolating in the plots (fig. 3) we next obtained the trans-

mission coefficients for each superincumbent atmospheric mass lying

above the respective Simpson layers. Allowance is made for the ozone

absorption between g/x and ii/i. These values are given in table 5.

Multiplying these values by corresponding ones in tables 3 and 4,

we obtained the contributions of the Simpson atmospheric layers and

also of the earth's surface
3
at the latitudes 90 , 70 , 6o°, 50 , 40 ,

and o° to the intensity of emission of the earth as a planet towards

outer space.
4
These results are given in table 6.

All of these results apply to cloudless skies. We now assume, with

Simpson, that the earth is 50 per cent cloudy ; that the clouds totally

absorb all radiation arising from beneath them ; that they radiate quite

as efficiently as the perfect radiator ; and that their upper surfaces

maintain the same average temperature as the earth at 70 latitude.

We are not able to compute their radiation in Simpson's manner, since

we have shown reasons to believe that the stratosphere is almost desti-

tute of water vapor, instead of containing 0.3 mm. of precipitable

water as he supposes. We simply assume that the combined emission

of clouds and atmosphere during one-half the time at all latitudes is

the same as that of the earth's surface and the superincumbent atmos-

phere at latitude 70 . That is: For the atmosphere 0.15 1 cal. per

cm.
2
per min. ; for the cloud surface 0.100 cal., giving a total for com-

pletely overcast sky of 0.251 cal. During the other half of the time,

1 See Smithsonian Physical Tables, p. 248.

' We do not guarantee these values to within 2 per cent.

3 We assume, with Simpson, that the earth's surface may be regarded as a

perfect radiator.
4 Notwithstanding our previous evidence that the water-vapor content of the

stratosphere is vanishingly small, we have thought best to estimate 30 per

cent of black-body efficiency as applicable to the stratospheric radiation in the

wave-length region 13//. to 50/ct, where water vapor is so very active. We have

allowed 16 per cent of black body efficiency to the ozone band. 9^ to n /jl.
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the values at different latitudes are as given in table 6 for clear skies.

For half-cloudy skies we take the mean of the two conditions.

We are now prepared to assemble our results and compare them

with those of Simpson (table 7).

It is clear that our employment to a considerable extent of inde-

pendent data and methods has made no very great difference in the

totals from those of Simpson. The range of our totals for half-

cloudy sky is indeed considerably greater than his as between the

equator and the poles. Our method has enabled us to segregate the

contributions of the atmosphere and of the earth's surface, which

in Simpson's second paper are not computed separately. We find the

earth's surface almost equally contributing at all latitudes, but the

Table 7.

—

Radiation of Earth and Atmosphere to Space
Calories per cni. 2 per min.

Latitude

Smithsonian results

Clear sky

Atmos-
phere

Sur-
face

Half-cloudy sky

Atmos-
phere

Surface
or cloud

Total

Simpson results

Atmosphere plus surface

Clear
Over-
cast

Half-
cloudy

O
40°
50°

6o°
70°
90°

0.220
0.192
0.182
0.162

0.151
0.129

0.105
0.107
0.105
0.104
0.1 00
0.096

0.325
0.299
0.287
0.266
0.251
0.225

0.186
0.171
0.166
0.156
0.151
0.140

0.102

0.103
0.102
0.102
0.1 00
0.098

0.288

0.274
0.268

0.258
0.251

0.238

0.316

0.307
0.291

0.274
0.253

0.213

0.243
0.249
0.252

0.253

0.264
0.275
0.270
0.265

0.253
0.245

atmosphere, which contributes much more than half the total (even

more than two-thirds the total on cloudless days at the equator) emits

very much lesser proportions as we approach the poles. The two

sources are very different as regards wave lengths of principal contri-

bution ; the atmosphere emitting mostly in the region exceeding i6/x

in wave length, the surface emitting principally in the region 9^ to 13/u,.

If we sum up the results in the seventh and tenth columns, which

represent our own and Simpson's totals for half-cloudy sky, and as-

sign weights to them proportional to the areas of earth which they

respectively represent, we find that the earth as a planet radiates aver-

ages of 0.277 or 0.265 cal. per square centimeter per minute according

as our results or Simpson's are taken. If we compute the same quan-

tity from the solar constant, 1.94 cal., and Aldrich's albedo, 43 per

cent, the result is^^ X 0.^7 = 0.276 cal. The discrepancies are very
4

small and far within the probable error of the determinations.
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