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In a recent Memoir entitled * Further Studies in Terrestrial Radia-
tion”! I described a2 method which enables us to calculate the outgoing
long-wave radiation from the earth and its atmosphere. In the present
Memoir 1 apply the method there described to calculate the distribution of
incoming and outgoing radiation at different parts of the earth at different
times of the year, and in this way obtain a picture of the radiation
balance both in time and space. It is not necessary to repeat the method
of calculation ; it will be sufficient to recall that the outgoing radiation
depends on four factors only, namely (@) the surface temperature, (4) the
temperature of the upper surface of the clouds, (¢) the temperature of the
stratosphere, and () the amount of cloud.2 Given the values of these four
factors, the intensity of the outgoing radiation is first calculated for clear
skies, &), then for overcast skies, &,; then the actual intensity of the
outgoing radiation is given by

R=R, (1- C)+R,C

in which C is the cloud' amount expressed as the fraction of the sky
covered by clouds.

In the previous paper it was not necessary to calculate the incoming
radiation in any detail. For the purpose of that paper it was only
necessary to consider the albedo of the earth as a whole, and Aldrich’s
value of o-43 was adopted. In this paper it is necessary to calculate the
amount of incoming solar radiation reflected in different localities, and for
this purpose it is necessary to know the relationship between the albedo
and the cloud amount. For no cloud Aldrich?® gives o-08 reflection from
the surface and o-09 from the atmosphere, a total of o-17; for a cloud
amount of o'52, the mean cloud amount for the earth as a whole adopted
by him, Aldrich gives 043 as the amount reflected ; for completely over-
cast skies Aldrich gives o-78, or probably a little more if one considers the
small amount of reflection from the air above the clouds.t These values

L London, Mem, R. Meteor, Soc., 3, 1928, No. 21.

2 In the previous paper the small amount of radiation of wave lengths less than 53u was
neglected as being quite insignificant. ]

Some of the surface temperatures dealt with in this paper are, however, sufficiently high to
give rise to significant amounts of short-wave radiation, some of which is transmitted and
some absorbed by the atmosphere. To allow for this half the radiation of wave lengths
shorter than 5ju emitted by the ground has been added to the outgoing radiation. For the
method of computation see the Appendix to this paper.

3 Washington, D.C., Smithsonian Inst. Ann. Astroph. Obs. 2, 1908, p. 162.

* Washington, D,C., Smithsonian Inst, Ann, Astroph. Obs. &, 1922, p. 379.
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do not lic on a straight line; but in Fi ints b

comiectjd o simpl(ga e in Fig. 1, the three points have been
- Angstrém 5 has discussed the variation of the albedo wi

amount and gives the following linear relationship : e

a=o070C+o017 (1~ C)

This straight line is shown on Fi it wi is li
: v g. 1, and it will be seen that there is little
difference between Aldrich’s and Angstrém’s values of the albedo except
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F1G. 1.—Albedo and cloud amount.

mn the neighbourhood of overcast skies. Not wishing to judge between

the values of these two authorities, T have simpl
ot th adopt:
two determinations as follows : ; B R megn il

TABLE A—ALBEDO AND CLOUD AMOUNT.

Cloud amount .00 OI 02 03 04 05 06 o7 of

Albedo . 09  I-0

- O17 022 027 032 037 043 048 054 061 067 o-74.

With these values of the albedo, a, and i i
. . a ‘ i
L e 3 n incoming solar radiation

Intensity of solar radiation absorbed SHeny
by the earth and its atmosphere} =S5=5"(1-a).

PART I. GEOGRAPHICAL DI§TRIBUTION OF RADIATION
DURING JANUARY AND JULY. .

INTENSITY OF OUTGOING TERRESTRIAL RADIATION i

The surface of the earth between lati %
125 S f tudes 70° N. i
d1v1ded_ nto “10° squares,” for each of which7 Dr. c?nfa 7}3 %mwlis
determined the mean temperature and the mean cloud amo‘unt‘for egcls;

54, Angstrﬁm, Beitr. Geophysik, Leipaig, 18, 1926, 'H, 1,

i
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of the two months, January and July. The values are shown on Figs. 2,
3, 4 and 5. The temperature of the stratosphere has been taken to be
simply a function of the latitude and not to change during the year; the
values adopted are the following : '

TaBLE B—TEMPERATURE OF THE STRATOSPHERE.

Latitude 0°-10° | 10%-20° | 20°30° | 30°-40° | 40°-50° | 50°-60° | G6o’-70°
Stratosphere
o 204 207 211 214 217 219 220

For reasons given in the previous Memoir, the temperature of the upper
surface of the clouds has been taken to be 260a in all parts of the earth.

With these values the intensity of the outgoing terrestrial radiation was
caleulated, with the results shown in Figs. 6 and 7. 1 do not propose to
discuss the results in any great detail in this paper, as they are in many
respects so novel and raise so many problems that much time and in-
vestigation will be required before their true significance can be grasped.
The following important characteristics of the outgoing radiation, however,
may be noted.

The great uniformity in the intensity of the outgoing radiation in all
parts of the world and at both seasons of the year is remarkable. On the
two maps practically the whole area has radiation between 26 and -30 cal.
per cmi.? per min. ; this uniformity would come out much more clearly if
equal area maps had been used instead of maps on Mercator’s projection.

Both maps show two belts of relatively high radiation, one on each
side of the equator, the equatorial region itself sending out radiation only
a little more intense than that from the polar regions. This latter fact is
due to the low stratosphere temperature and the large amount of cloud in
equatorial regions.

On comparing Figs. 6 and 7 with the corresponding charts showing
the temperature distribution in January and July, it will be seen that there
are large differences, due mainly to the effect of the cloud. Desert regions
are the sources of the most intense outgoing terrestrial radiation.

INCOMING SOLAR RADIATION.

In order to examine the heat balance it is necessary to compare the
intensity of the outgoing radiation with the intensity of the radiation received
from the sun. The intensity of the solar radiation at the limits of the
atmosphere have been computed by Angot.® Using these values and
applying the albedo corresponding with the cloud amount in each square,
values of the intensity of the “effective solar radiation” have been com-

puted for each 10° square.
RADIATION BALANCE.

The difference between the intensities of the terrestrial radiation and
of the effective solar radiation represents the rate of accumulation or loss
of heat due to radiation. This is a very important meteorological factor,
for on it depends nearly every process which takes place in the atmosphere.
Values for the difference, S— & are plotted on Figs. 8 and 9. In these
diagrams the italic figures indicate negative values, that is, the outgoing

6 Ann. dur. cent. méldor., Paris, 1883, partie L., pp. B 136-161,
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radiation exceeds the incoming ; while the upright figures indicate that the
incoming radiation is in excess.

The general contour of the lines in Figs. 8 and g will be found to be
very similar to those in Figs. 6 and 7 respectively, but the chief interest
lies in the extent of the regions of positive and negative values. It has
generally been assumed that more energy is absorbed than is radiated in
an equatorial band, and that heat passes north and south from this region,
being carried by the general circulation of the atmosphere into higher
latitudes. It will be seen, however, from Figs. 8 and g, that the whole of
the summer hemisphere up to and beyond latitude 60° is receiving more
heat than it radiates, and therefore there can be little flow of heat towards
the north in July or towards the south in January. Similar conditions will
be found to hold during the three months centring at the solstices, Z.¢.
November to January and May to July. This raises many problems
concerning the transfer of heat during the summer months, which it is
hoped to discuss elsewhere.

The effects of the monsoons in India and on the west coast of Africa
are shown in the map for July as regions of excess outgoing radiation
isolated within the large band of excess solar radiation. In these
regions the clouds reflect so much solar radiation that the terrestrial
radiation exceeds the solar radiation which penetrates the clouds.

PART II. THE MEAN RADIATION OF ZONES OF
LATITUDE. ' :

By the method described above it would be possible to construct
charts showing the distribution of incoming and outgoing radiation for
each month of the year; but a shorter and probably more instructive
procedure is to consider the mean values for each zone of latitude, and in
this way to obtain a more general survey than would be obtained by
detailed charts.

By comparing the mean of the individual values in each 10° zone of
latitude on Figs. 6 and 7 with values obtained by applying the same
method to the mean temperature and mean cloud for the zones, it is found
that the results are practically identical. In this section, therefore, mean
values of the temperature, cloud, etc., for each zone will be used.

METEOROLOGICAL DATA.

Temperature of the surface.—Hopfner " has given values for the mean
temperature along each 10° circle of latitude for each month of the year.
Hopfner’s values, however, do not extend beyond 60° S. (in some months

'50°), and the figures were extended to 80° S. by means of values read off
the charts in Sir Napier Shaw's Manual of Meteorology,® Vol. 11. In
order to fit these means into Hopfner’s the figures were plotted and smooth
curves drawn through them, the mean temperature for say 70%-60° N, being
taken as the point where the curve intersected the line for 65° N.

The values of the mean temperature of the zones are given in Table L
at the end of the paper.

Cloud amount.—Values of the mean cloud amount for each zone of
latitude have been given by Brooks,? and these have been adopted. They
are tabulated in Table 11. ‘

7 Hopfner, Peferman's Geogr. Mitl., 1906, p. 33.

8 Camb, Univ. Press, 1928. :
9 C. E. P. Brooks, London, Mem. R. Mefeor. Soc., 1, 1927, No. 10, Table II., p. 129.
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Temperature of the stratosphere and clouds—The values given above,
page 55, have been used throughout.

SoLAR RapiatioNn DATa.

 Anitensity of solar radiation.—Table 111 contains values of the mean
intensity of the solar radiation at the confines of the atmosphere. A mean
“solar constant ” of 1-g52 has been adopted, and the variations have been
based on Angot’s tables. From the last line of Table ITI. the effect of the
sun’s varying distance is clearly shown, the variation due to this cause
during the year being 7 per cent.

Adbedo.—From the values of the cloud amount given in Table II., and
the relationship between cloud amount and the albedo given in Table A
above, the mean albedo for each zone of latitude between 70° N. and 70° 5.
was calculated. The albedo gives the proportion of the incoming radia-
tion which is reflected, while we are more interested in the radiation
absorbed ; for this reason values of the complement of the albedo (1 - a)
have been tabulated in Table IV. For the two polar caps a constant
albedo of -65 has been adopted, in order to allow for the large reflection
of solar radiation from the extensive surfaces of snow.

_ Bjfective solar radiation—By multiplying the values of the solar radia-
tion given in Table 111, by the values in Table IV., we obtain the intensity
of the solar radiation which is absorbed by the earth and its atmosphere.
The values of the intensity of this *effective solar radiation” are given in
Table V.

_ Tvtal effective solar radiation.—In order to obtain the total solar radia-
tion absorbed by the earth it is necessary to multiply the intensity of the
effective solar radiation in each zone by the area of the zone, and then sum
the products for all the zones.

_ The area of the zone between latitudes 6, and 0, is 2m#¥(sin ¢, — sin 6,),
in which 7 is the radius of the earth. If § is the mean intensity of the
effective solar radiation over the zone, we have

Total effective solar radiation over zone 8, — 8, = = 2m725(sin 0, —sin 6,).

Values of S(sin 0, - sin 0,) for each zone are given in Table V1., and the
last line of the table contains the total effective solar radiation for the
whole earth derived from the sum of the zones.

The average value of the effective solar radiation over the world as a
whole is obtained by dividing the total radiation by the area of the surface.
Thus if S is the average effective solar radiation, and & the total radiation
as given in the last line of Table VI. (the unit of # is 277%) we have:
S_%szm—z 5 ST > :

Sl 7.6. S=4F cal. per cm.? per min.

Values of the average effective solar radiation obtained in this way

have been added in the last line of Table V.

TERRESTRIAL RADIATION.

Ouitgoing terrestrial radiation.—The intensity of the outgoing terrestrial
radiation for the zones between 70° N. and 70° S. has been calculated from
the meteorological data given in Tables I, IT. and B, and the values are
tabulated in Table VII. and plotted on Fig. 1o. Satisfactory meteorological
data do not exist for the polar zones, therefore values of the outgoing radia-
tion from these zones have been obtained by extrapolating the curves from
70° N. and 70° S. towards the poles. The extrapolated values are prob-
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ably correct, but in any case the area of these zones is so small that they
contribute little to the heat balance of the earth as a whole, and therefore
accurate values of the radiation intensity here are not of prime importance.
A discussion of the curves on Fig. 10 will be taken up later in this paper.
Total terrestrial radiation—From the values of the intensity of the
terrestrial radiation given in Table VIL. and the area of the zones, the
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The horizontal line below the equatorial portion of each curve represents -zzo cal./em.2 min. for that
curve. The distance between horizontal lines is -oso cal./cm.2 min.” Thus the top line of the diagram
represents -3c0 cal./cm.? min, for the January curve, and the bottom line of the diagram -2c0 cal./cm.2
min. for the year curve.

values of the total outgoing terrestrial radiation from each zone have been
calculated and reproduced in Table VIIL.

Net radiation.—By net radiation is meant the balance of incoming and *

outgoing radiation ; it is obtained by taking the difference between the in-
coming and outgoing radiation (.S - R).

In Table IX. are given values of the intensity of the net radiation
obtained by subtracting the values of the intensity of the outgoing. terres-
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trial radiation given in Table VII. from the values of the intensity of the
effective solar radiation given in Table V. Positive values indicate that
the intensity of the effective solar radiation is greater than the intensity of
the terrestrial radiation, and therefore the net effect is an accumulation of
heat due to radiation. Similarly negative values indicate a net loss of
heat due to radiation.

The values from Table IX. are plotted on Figs. 11 and 12.

Zotal net radiation.—The total net radiation, that is the difference
between the total incoming and the total outgoing radiation, can be
obtained in two ways, both of which give the same result: (a) by multi-

it
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FIG. 11.—Intensity of the net radiation, December to Jurie.
Values of §— & : S=intensity of effective solar radiation.
R =intensity of terrestrial radiation.
plying the values given in Table IX. by the area of the zones, or (8) by
taking the difference between the values in Tables VI. and VIII. The
values obtained are given in Table X., and represent the total gain or loss
of heat due to radiation in each zone and over the earth as a whole.

a
=

L
[
M
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=25

DISCUSSION OF RESULTS.

INTENSITY OF QUTGOING. TERRESTRIAL RADIATION.

The values of the intensity of the outgoing radiation in each zone for
cach month (Table VIL) are plotted on TFig. 10. The horizontal line
immediately below the equatorial portion of each curve represents -250 cal.
per cm.2 per min. and the horizontal line above -300. We notice at once
the great similarity in all the curves. Each curve shows two zones of
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maximum radiation, one on each side of the equatorial regions where the a ; Thus in these two months the whole region from the Pole which has
radiation is relative‘ly low. Throughout the year, even in the summer of the summer, to more than 10° beyond the equator, receives more heat from the
southern hemisphere, the zone of maximum radiation is on the north of the sun than it radiates to space ; while the remainder of the earth emits more
equator. This maximum increases from the winter to the summer, but the radiation than it receives. It is only during the equinoctial months,

change is very small, the variation being only from -289 in December to -308 September and March, that the region which receives more heat than it
in August, a change of 7 per cent. The maximum in the southern hemi- emits is even approximately central.

Considering the great difference between the two hemispheres as
regards the distribution of land and sea, the symmetry of the curves in
Figs. 11 and 12 is surprising.

fQ THE BALANCE BETWEEN INCOMING AND OQUTGOING RADIATION.
\\ \ From Table VIII. it will be seen that the total outgoing radiation from

the earth as a whole during the year averages 548 x 2m72 cal. per min,,
while according to Table VL. the total effective solar radiation averages

*
(=1
n

TapLE C—ToTAL RADIATION OVER THE EARTH AS A WHOLE.

\ ; 536 x 2772 cal. per min. These two values should, of course, be the

Unit: 2772 cal. per min. (2772=2-56 x 10!® sq. cm.)

\\ [ncoming . | Feb. [ Mar. | Apr. | May | June | July | Aug. | Sept. | Oct. | Nov.

solarradia
tionabove s

tmo-
s?)tl:gre. : -982 | -966 | -952 | -044 | ‘944 | 952 | 966 | 082

RADIATION CAL/CM® MIN

. —h ; Effective
B solar radia-| * . . -558
/ ? \ 5 tion. ]

L : Outgoing
7 40" W 0 10 W W0 3 40 50 €0 70 80 O terrestrial

NORTH LATITUDE e B radiation.

Fig. 12.—Intensity of the net radiation, June to December.

R S S  |oiference |
i solar- +-012|+-007
sphere changes only from -280 in July to -285 in January, a difference of terrestrial.
less than 2 per cent. : | o
The belts of maximum radiation move slightly with the declimation of

the sun, being furthest north in July and furthest south in January.

same ; but the difference is only 2z per cent, and considering the un-
certainty of many of the data used, especially of the cloud amounts, the
INTENSITY OF THE NET RADIATION. ] ‘ agreement is much better than could have been expected, in fact no better
; ; ) s : Y confirmation of the correctness of the assumption made could be expected.

With almost uniform outgoing radiation, as shown in Fig. 1o, the net | The difference of 2 per cent may be due to many causes ; it may be due
radiation must be mainly determined by the effective solar radiation, which to insufficient observations of the temperature and cloud amount, to slight
has a very large variation with latitude. Figs. 11 and 12 show the varia- errors in determining the absorption of water vapour, or to inaccurate
tions of the intensity of the net radiation with latitude (Table IX.) for each relationship between the amount of cloud and the albedo. Of all these
of the twelve months. Where any curve on these figures is below the zero the values of the albedo are the most uncertain, and neither Aldrich nor
line the outgoing radiation exceeds the incoming radiation, while the ngstrom claim an accuracy of anything like 2 per cent for their determina-
reverse is th.e case where the CUI'VE:. is above th?. zero line. It will be tions. In any case an error of 2 per cent in the absolute value of the
noticed that in December the curve is above the line from latitude 167 N. radiation is quite insignificant, but it is awkward when we come to discuss
to the South Pole, while in June it is above the line from 11° 5. to the the small differences between the incoming and outgoing radiation at
North Pole, except for a small region around latitude 80 N. where, how- different times of the year, and therefore it is convenient to remove it.
ever, the values are very uncertain. J The best way to do this is to assume that our values of the albedo are all
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2 per cent too great and then to increase the effective solar radiation by
‘this amount.

I do not propose to apply this correction to the values in the tables in
the Appendix, which are much better left exactly as they have been
calculated directly from the observed data, In Table C, however, the
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MONTHS s
FiG. 13.—Annual variation of radiation to and from the whole earth.

Curve. L.—Incoming solar radiation above atmosphere.

Curve II,—Terrestrial radiation.

Curve IT1.—Effective solar radiation.

Curve IV.—Effective solar radiation if albedo remamed constant and equal to its mean value.

Unit ; 272 calories per min.
correction has been applied, purely as a matter of convenience so that there
will be no small numerical differences, which have no significance when
the total incoming and outgoing radiations are compared.

In the first line of this table are given the values of the solar radiation

at the limits of the atmosphere, based on an average ‘‘solar constant” of
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1-952. The values are those given in the last line of Table III. multiplied
by 2, because the unit adopted in Table C is 2772 cal. per min. As already
remarked, the variation during the year is the consequence of the varying
distance of the earth from the sun. The next line gives the amount of solar
radiation absorbed by the earth and its atmosphere ; the values are those
given in the last line of Table VI. increased by z-24 per cent. The third
line gives the values of the terrestrial radiation taken from Table VIIIL
The last line gives the difference between the effective solar radiation and
the outgoing terrestrial radiation, for each month and for the year.

In Fig. 13 the values contained in Table C are plotted, the zero for
each of the curves being the bottom line of the figure, so that the variation
may be compared with the absolute values. At the top of the diagram we
have Curve I giving the values of the solar radiation on reaching the
atmosphere.

Curve IT gives the annual variation of the outgoing radiation. The
regularity of this curve is surprising, the total variation throughout the year
being only from :540 to 554, Z.e. 2.6 per cent. It will be noticed, however,
that what little annual variation there is, is opposite to that of the solar
variation. Whether this is a real effect or not cannot be decided at
present.

Curve III, a dotted curve, gives the effective solar radiation. It will
be noticed that although this curve follows the solar radiation in its main
features, the variation is not so great, To bring this out Curve IV has
been added, which shows what the effective radiation would be if the albedo
of the earth remained constant from month to month. That Curve III is
flatter than Curve IV shows that the variation in the cloud amount is such
as to counteract to some extent the variation in the intensity of the solar
radiation. I do not wish to enlarge on this aspect or even to stress it,
because the variations in Curves II and TIT are so very small, and the data
on which they are based are so uncertain, that the small annual variation
shown may have no real significance.

The general result, however, is clear : except for small uncertain irregu-
larities the total outgoing radiation from the earth as a whole just balances
the incoming solar radiation in every month, there being no perlod of the
year during which the earth as a whole receives more radiation than it emits.

SUMMARY.

- (@) The geographical distribution of incoming and outgoing radiation
during January and July is determined and exhibited on maps.

(4) The incoming and outgoing radiations for each 10" zone of latitude
are calculated for each month of the year.

(¢) The result indicates great uniformity in the intensity of the out-
going terrestrial radiation, both in time and space, and that
except for small uncertain 1rregular1tles the total outgoing radia-
tion from the earth as a whole just balances the incoming solar
radiation at all periods of the year.
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TABLE IIL—INTENSITY OF SOLAR RADIATION AT CONFINES OF ATMOSPHERE : .57,

Gram. cal, per sq. cm, per min,

TABLE I.—MEAN TEMPERATURE.

Zones. an, .| Mar. | Apr.| May | June| July [ Aug.|Sept.
Degrees absolute. 200+ or 300+ - J‘ P y|J July £ P

go-8oN | - . 070/ -360 | -630| 740 | -670| -430| -
8o-70N |- -« -150 | -380| .610| -720 | -650| -440 | -
70-60N | .031 | -104 | -253 | 439 | -609 | -689 | -634 | -480 | -
65-1| 735|799 834|817 | 77-0| 67 Go-50N | 108 | -202 | -347 | -505 | -632 | -685 | -64% | -533 | -
74-8 | 81-1 | 86:6 | 891 -3 | 831 . . . ¢ ‘ 50-40N |- . -431|+562| 652 -689 | -664 | 580 | -
82-4 | 87-1| 914 g -5 | 8g:2 - -7 83 y 40-30N |- . -50§ | <601 | -664 | -685 | -668 | 613 | -
89-8| 931 | gb-2 | 9o -3 | 954 37+ . : ] 30-20N |- . - 623 -656 | -668 | -658 | 628 | -
9579781 99-4| 00:5| 00-2| 09-1 | 974 | 94-5 | 92- 1 20-10N | -491 | -546 | 599 | -630| 636 -632 | 632 | -625 | -
99-3 | 001 | 00-§ '2 | 000 £ % ' 10- oN |- . ; 615 | - -583| 589 [ -605 | -

002 | 999 99-8 o-10S | 628|.636|-623|-587 | -542| 517 | 529 -568 | -
992| 98-81 9781 97:8 | 989 - 10-208 | -672 654607 | 538 | 472 442 | -458 | ‘515 -
9%:0|97-3| 959|94-8| 95:0| 96-4 | 97-2| 97-7 | 99 - 20-30S | -701|-652|-370| 472 300|354 | -374 | -348

92:8| 91-0 1922 93 . - - ] 30405 |- : ‘ *397 | - -260 | 284 | -366 | -
86:9 | 85-2 | 84- 0| 86-7 . - . - 40-505 | -599- - 309 | - <166 | -190 | -276 | -
804 | 791 | 78 0| 80-8 . : 50-60S |- . . 215 - 076 | -100| -182 | -
734|716 71 B350 : : 60-70S5 |- G . 117 | - 018 |-029| -
662 | 61-0 -0 | 69-0 % 70-805 |- - . 040 | - 000 | 000 | -
8o-goS |- . . 000 | - 000 | -000 | -

.| Apr. | May | June | July .| Sept.

Whole Earth. | + . g 483 | - 472 |

IV.—VALUES OF (I-a).
TABLE II,—-MEgan CLOUD AMOUNT. 1 ‘ R

June | July -|Sept. Zones. .| Feb. : : June| July

66 | 66 | - I g . . !
63 | 63 | 62 | 62 | 67 | 67 | 64 |- - 33:?3 y
.56 54 | ¢ 49 | - 2 . . ] 70—-60 N
st S | el bo-50N

: . ; : 2 : : . 50-40 N
%59 54 40-30N
5 : ; : ; : g : E R,
20-10 N
10- oN

o-105
10208
20-30 S
30-408
40-508
50-608
60-70S
70-80 8
8090 S
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3 ;
. TABLE V.—INTENSITY OF THE EFFECTIVE SOLAR RADIATION: S.
Gram. cal. per sq. cm. per min.
Zones, | Jan. |Feb, |Mar. | Apr.| May | June| July | Aug.|Sept.| Oct. |Nov.{ Dec. | Year
9o-80N |-000 |-000 |-025 |-126 | 220 |-250 |.234 |-150 |-042 | .004 |-000 |-000 | .088
8o-70N |.000 |-OII |-052 (-133 | 214 |+252 |-228 | 154 |-070 |-018 |-000 | -000 | 094
70-60N |.016 | -056 |-139 |-228 |-298 |:331 |-.304 |-226 |-133 | 061 |-020 | 009 |-156
6o-50N |-036 |-107 |-184 |-263 |-310 | 348 |.324 | -266 |-191 |-110 |-059 |-041 |-187
50-40N |-107 |-159 |-228 |-208 | 352 |-372 |.365 |-336 |-267 |-181 |-118 |-09T |.238
40-30 N |:174 |-227 | -288 [-349 | -385 | 418 | -414 |-386 |-331 |-254 |-104 | 161 |-299
30-20N | -250 | -295 | ‘347 | -392 | -407 | -407 |-305 |-383 | 360 | -311 | -266 238 | 337
20-10N |-309 |-344 | -377 |-397 | -375 | -354 |-329 |-331 |-332 |-332 | -306 | -288 | 340
10- ON |:323 347 |-350 |-344 |-327 | -315 |-312 |-333 |-344 |-335 [-319|-310 |-332
0-108 | :345 |-356 | -349 |:329 | :309 |-205 |-302 |-318 |-340 |-352 | -352 |+342 |-332
10-208 | -370|-366 |-340 |-312 | -283 |-265 |-279 |-314 |-356 | -375 | -385 (371 |-334
20-308 |-407 |-372 |-325 |-278 | -220 |-205 |-221 |-269 |-314 |-371 |-398 | -405 |-316
30-408 |-398 |-356 |-285 |-222 | 165 | 140 |-153 |-201 |-264 |.323 |-379 |'409 |-274
40-50S |-345|:293 |-226 |-151 |-101 |-078 | -087 |.135 |-195 |-260 | -318 |-352 |-211
50-60S |-288 |.251 |-167 |-092 |-049 | -033 | -046 |-084 |-152 | -223 |-203 | -306 |-165
60-705 |-235|:189 |-109 [-051 |-015 |-009 | 014 |-038 |-096 | -173 |-231 |-286 |-131I
70-80S8 |-238|.154 |-063 |-0I4 |-000 |-000 |-000 |-007 |-046 |-126 |.217 |-266 |-004
80-90S |.245 |-147 |-035 |-000 | -000 |-000 | -000 [-000 018 |.112 |-224 |-273 |-088
\31‘:;{:%3{3{; -269 | 274 |-273 | -272 | -264 | -260 -z58|-266|-270to271 -270 | 266 | -268
TABLE VI.—Toral EFFECTIVE SOLAR RADIATION: £,
Unit =22 cal. per min. (2m?=2-56 x 10'® 5q. cm.).
Zones. | Jan. | Feb.| Mar.| Apr.|May |June | July | Aug.|Sept.| Oct. | Nov.| Dec. | Year
90-80 N | 000|000 | -000| 002 | -003 | -004 | -004 | -002 | :001 | -000 | -000 | -000 | -0G1
8o-70N |.000| 000|002 | -000 | -010| -OII | -010 | -007 | :CO3 | -001L | 000 | -000 | -004
70-60N |.001|.004|-010| 017 | -022 | -024 | -022 | -017 | -010 | 005 | -COI | -00I | -012
60-50N | -006 |-011|-018|.026 | -031 | -035|-032| 027 | 019 | -OI1 | -006 | -004 | -019
50-40N | -013|-020|-028|.037 | 043 | -046 | -045 | -041 | -033 | -022 | -015 | -011 | -029
40-30N | -025|-032| 041 | -050| -055| 060 | -059 | -055 | -047 | :036 | -028 | -023 | -043
30-20N | -039| 047 | -035 | -062 | -064 | -064 | -062 | -001 | -057 | -049 | -042 | -038 | -053
20-10N | -0352|-058|.063|-067 | -063|-059| -055|-056 -056 | -056 | -051 | -048 | -057
10- oN |-056] 060|062 | -060|-057|-055|-054 | -058| -060 | -058 | -056 | -053 | -058
07105. -060 | -062 | -061 | -057 | -054 | -051 | -053 | -055 | -059 | -061 | -061 | -060 | -058
10-2085 062 | -061 | -057 | 052 | -048 | -045 | -047 | -053 | -060 | -063 | -065 | .062 | -056
20-30S | :064|-059|-051 | 044 |-036|-032 | -035|-:043 | 050 059 | -063 | .064 | -050
30-405 | -057|-051| 041 |-032]|-023|-020|-022|-029 | -038. -046 | -054 | -058 | -039
40-508 | -042|-036|-028| 019 -012| 010 |-0LI | -017 | -024 | 032|039 | -043 | -026
50-605 | -029|-025|-017 | 009 | -003 | -003 | -005 | -008 | -015 | -022 | -029 | -031 | -016
60-70S |-o17|-014|-008|:004 | 001 | -cOI | -00I | -003 | -007 | -013 | -017 | -021 | -010
70-80 S | -o11|-007 | -003 | “00T | -000 | -000 | 000 | 000 | -002 | -006 | 010 | 012 | -004
80-90S |-004 | -002 |-001 | -000 | -C0OQ | -000 | -000 | -0C0 | -000 | -CO2 | -003 | 004 | -001
Whole Earth.| -538 | :549 | -546 | -545 | -527 | -520 | -517 | -532 | -541 | -542 | 540 | -533 | -536
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TABLE VIL—INTENSITY OF QULGOING TERRESTRIAL RADIATION: A,
Gram, cal. per sq. cm. per min,
Zones. |Jan. | Feb.|Mar.| Apr. [May |June | July|Aug. Sept.| Oct. | Nov.| Dec. |Year
9o-80N |-225|-228| 240|250 -257 | -265 -276 265 [ 260 -253 | -247 | -240| -256
8o-70 N | -227 | -232|-243 | -252| -260| -267 | -272 | -266 | 261 | -255 | -248 | -242 | -257
7o-60N |-235(-239| 249 -257 | -263 | -270| -273 | -270 | -264 | -258 | -252 | -246 | -259
60-50 N | -252|-253|-259| -265 | -270| -276 | -279 | -279 | 272 | -264 | -258 | -255 | -264
5040 N | -258-259(-264( -270| -277 | -284 | -289 | -204 | -286 | -275 | -266 | -260 | -272
40-30N | -271| 269|275 -281 | -287 | -29%| -305 | -307 | -301 | -289 | -281 | -273 | -286
3o-zoN | -285|-283| 288 | -295| -297 | -208 | -298 | -299 | -300 | -298 | -293 | -286 | -294
20-10N | -289 | -289 | .292 | -293| -287 | -280 | -274 | 275 -278 | -288 | .288 | -284 | -283
10- oN |-275|-278 | .277 | -273| -273| 270 | -268 | -269 | 273 | -273 | -274 | -271 | -272
o-108 | -271|.273|-273|-273 | 275 | -274 | 272 | 271 | -272 | -272 | -272 | -266 | -273
10-20S | -276|.279|-279 | -280 | -283| -281 | -280 | -280| -284 | -281 | -280 | -277 | -281
20-30S | -285|:284 | -285 | -285 | -280| -277 | -275 | -279| 279 | -283 | -281 | -284 | -281
30405 | -280|.279| 278|276 | -271 | 268 | -267 | -270 | -2771 | -272| -274 | -279 | 274
40-508 | -269 | 268 | -269 | -265 | -264 | -261 | -261 | -262 | 263 | -264 | -264 | 267 | -264
50-605 |:262| 265 |-263|-201 | -259| -250| -259 | -260| -263 | -261 | -261 | 261 | -261
6o-705 | -257|-259|-259| 260 | 257 | -254 | -254 | 254 | 259 | -258 | .257 | -258 | -257
70-80S | -255|-257|-258| 260|256 -254 | 253 | -253 | -258 | 258 | -257 | -258 | -257
80-goS |-255-255/ 258|260 -255 | 253 | 253 | -253 | 257 | -258 | -257 | 258 | 257
TABLE VIII.—TorAL TERRESTRIAL RADIATION.
Unit=2m#2 cal. per min. (2r72=2-56 % 10! 5q. cm.).

Zones, Jan. | Feb. [Mar. | Apr. | May | June Juiy Aug.|Sept.| Oct. | Nov, | Dec. | Year
90-80N |[.-003 | 003 | -004 | -004 -064 -004 | 004 | -004 | 004 | 004 | -004 | -004 | 004
8o—40N |-o010|-010|-011|-0II|-0I2|-0I2|-0I2|-012| 012|011 |-OII|-0II|-012
70-60N |.017|-018|-018|-01g| 019 | -020(-020 | -020 | .020 | -01Q | -019 | 018 | 019,
60-50 N | -025| -025 | -026 | -026 | -027 | -028 | -028 | -028 | -027 | 026 | -026 | -026 | -026
50-40N |-032)-032 032 -033| 034 |'035| 036|030 035|034 |-033|-032-033
40-30N |-039|-038| 039 |-040 | 041 | -043 | -044 | -044 | 043 | -041 | -040 | -039 | ‘041
30-20N | 045 | 045|046 | 047 | <047 | -047 | -047 | 047 | 047 | -047 | 046 | -045 | 046
20-10N | 049 | '049 | -049 | ‘049 | -043 | -047 | 046 | :046 | -047 | -048 | -048 | -048 | -048
10- ON |[-048|-048 | -048 | 048 | 048 | 047 | -047 | 047 | -048 | -048 | 048 | 047 | -048
0-105 | -047 | 048|048 | :048 | 048 | -048 | -047 | 047 | 047 | 1047 | -047 | -046 | -048
10-20S | -046 | ‘047 | 047 | ©047 | 1048 | 047 | 047 | 047 | -048 | -047 | -047 | -047 | -047
20-305 | 045|045 | 045 | -045 | 1044 | 1044 | 1043 | -044 | 1044 | ‘045 | 044 | 045 | 044
30-405 | -040'| 040|040 | -040 | 039 | -038 | -038 | -038 | -039 | -039 | -039 | -040 | 039
40-50S |-033|-033|-033|-033|032|-032|-032|-032|-032 | 032 |-032| 033|032
50-60S | 026026026 | .026 | -026 | 026 | -026 | -026 | -026 | -026 | -026 | -026 | 026
60-70S | -019|-01g|-0Ig|.010| -0lg|-0Ig| 019 |-0Ig|-0Ig | 019|019 | 019|019
70-80S |.012|-012|-012|-0I2|-0I2|-0II|-0OLI|-OII |[-012(-0I2 |-012|-0I12|-0I2
80-90S" | -004 | 1004 | -004 | 004 | 004 | -004 | 004 | 004 | -004 | -004 | :004 | *004 | 004
Whole Earth. | =540 | -542 | -547 | -551 | 552 | -352 | -55T | 552 | -554 | 549 | 545 | 5342 | -548
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TABLE IX.—INTENSITY OF THE NET RADIATION: S—Z.
Gram. cal. per sq. cm. per min.
Zones. | Jan. | Feb. | Mar. | April| May | June | July | Aug. | Sept. | Oct. | Nov. | Dec. | Year
90-80 N |—-.225|—.228 ~ .215| - 124 - -037| - -006| — -036| — -115| - 218/ —-249| — -247| — 240 —.168
8070 N | --227|—.221| - +191| - -11Q| — :046| — -OI5| — -044| —-112| - -1QI| —+237| — 248| - +242| - 163
70-60 N |--21g|— 183 — 110 - -029| + :035|+-061|+:031| - -044{—-131|~ -197| — 232| —+237| —-103
60-50 N | =198 — -146| — -075| — :002| +-040| +-072| +-045| — -013| — -081| —-154) —-199| ~ 214 — -077
50-40 N | =151 —-100| - -036| + -028| +.075| + 086| -+ :076| + 042| —-0I9| — 094 —148| ~169| — -034
20-30 N | - :007| — -042| + 013+ -068| +-008| + -120| + - 10| +-079| + -030| - -035| -~ -087| - -112 +-013
30-20N | --035|+ 012 4--059| +-097| +-110|+ 10| +-097|+-084] + -0b0| +-013| ~ 027 —-048|+:043
20-10 N | +020|+-035| + 08| + 104| + -088| +-074| +--055| +-056| + 054  +-044|+ 018/ +-004| + 055
10~ 0N |+-048| +-0b0| +-082| +.071| +-054| + -045| +-044|+ 064| +-071 +-062| + 045 + -039| + 060
©-10S | +-074]+-083|+ 076 +.056|+-034| + -021| +-030| + -047| +-068| +-080| +-080| +-076| + 059
10-20S |+ -094|+-08%|+ 061|+ 032 -000|—-016| - -00I|+ -034{ +-072|+ 094/ + 105 +-004|+ 053
20-30S |+ -122|+-088|+ 040| —-007| - -054| — -072| — -054| — -010| 4 -03 5|+ -088| + 117+ 121| +-035
30405 |+-118]+ -077|+-007| 054 - -106| — -128| - -114| - :069| — 007 |+ 05| +-105 +-130] 000
40-50S |+-076|+-025| - -043| --114| - 163 —-183| - -174| —-127| — «068| — -004| +--054 +-085| - 053
50-608 |4+-026|—-014| - -096| - -169| —-210| — 226| — -213| ~-176{~-111|— -038| +-032|+-045| = 096
60708 |~ .022|--070| - 150| - -200| - -242| - -245| - -240| - -216| —-163| ~ 085 — -026| +-028| — 126
70-80S |--017|—-103| - 195| —-246| - -256| — -254| — -253| —-246| — 212 —132| — 040 +-008| ~-163
80-90S |- -010| - -108| - -223| - -260 - -255| - 253| ~ -253| - +253| ~ -239| — -146| = 033| +-015| = 169
TABLE X.—ToTaL NET RaDpIATION (EFFECTIVE SOLAR — TERRESTRIAL).
Unit=2m72 cal. per min. (zmr®=2:56 % 10'® sq. cm.).

Zones. | Jan. | Feb. | Mar, | April| May | June | July | Aug. | Sept Oct. | Nov. | Dec. | Year
go—-8oN |--003|--+003| - .00'3 —.002| —001| -000| -000|- -002|—-:003|— 004 004| — 004/ —-003
8o-7o0N |- -ong —.010| - -00g| — -00§| — -002| — *001| — *002| — -005| — Q09| — -011) — -OT I} —-OIT| — 008
70-60 N |- 016 — -014| —-008| — -002| +-003| +-005| + -002| — -003| — -010| — 015 —.017|—-018| — -008
60-50 N |- .020| 01} —.008| -000|- 004 +-007|+ -004|+ -001| — -008| - -O1 5! — *020| — 021 - -008
50—40 N |- -019|—-012| —-004 +-CO3| +-00G +011|+ 009+ -00§5| — :002| —-012 —-018| —.021| - -004
40-30 N |- -014] — 006/ +-002| + -010| + 01 4|+ -0I7 +.016|+-011|+ -004| — -005| — -012| — 016 +-CO2
30-20 N |- -006| + 002 +-009| +-015| +-017|+-017| +-015|+-013| +-009| +-002| — -004) ~ -008| +-007
20-10 N |+ -003| + 000 +-014] +-017| 4 -015|+ 012+ -009| + -00g| +-009| -+ :007 | + 003 + -COT| - -009
10— 0N |+ -008|+-012|+-014|+-012{+-009| +-008| -+-008| + .01 | + -012| + 011 +-008| + -007| + 010
0-10S |+ -013|+-014|+-013|+ -010| +-006| + -004| + 005/ 4 -008| + :012|+ 014 -+ 0I4| +-013|+-OI0) |
10-20 S +-org +-01§ +-010| +-005| -000|~-003| -000|+-006|+-012|+-016| +018|+-016|+ 009
20-30S |+-019|+ 014[+-000| — -00I| —-00g| — +0OII| — :009| - -002 + -006| + -014|+ -018| +-019| + 006
30-40S |+-017|+-011|+-001| —-008| — 015| ~ 018/ ~OI6| —-OT0| ~ +0OL| 4:-007| + 015 +-018| -000
40-50S |+ :009|+-003| — *005| — 014 - -020| — 023 — 021 —.016| —008| -000|+-006|+-010| ~007| |
50-608 |+-003|--001| - -010| - 017| ~-021| —-023| - -021| — :018| —-0I1| — 004 + 003} 4004 ~ 010
60708 |--0oz| - -005| - -011| 015 —-018| - -018 - .018| — -016| — -012| — 006/~ ‘002 + -002| — 009
70-808 |- -001| - -005|—+009|~-011| - -012| = -OII| — -OII| — 0Ll —-010 — Q06| —-002| -000| - 007
8o—go S .000| - +002| — :003| — :004| — -004| — -004| — -004| — :004| — -004| —+002) _ 000| -0 —.003|
Whol =t AL i S = = = = —.012|
Pohate |- 002|+-007| - -001| - -006| ~ -025| 032 ~ 1034 ~ *020| —-013| ~*007| —:005) —-C09 oz
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APPENDIX

As it is possible that other investigators may wish to use the methods
of this paper, it seems desirable to publish a description of the procedure
which has been used in carrying out the actual calculations.

In the following the symbol [&£]. means the energy in the black-body
radiation between the wave lengths @ and 4. Subscripts are given to & to
indicate the temperature for which the radiation must be taken—these are ;
G for the temperature of the ground, € for the temperature of the upper
surface of the clouds, and .S for the stratosphere. Thus [RS};; means the

energy in the radiation from a black body at the temperature of the
stratosphere between the wave-lengths 54 and 7p.
The total outgoing radiation with clear skies is :

R=[}Rc]) + [Rslyy +[(Ro+ RIJ +[Rely + [MRe + Ry + [R5
={BRL + [FRL + [Rely, + BRI} + LR, + AR + BRI, + (27 )
=3[ R]+ 2[R,

With overcast skies we have a similar expression :

R=3[R]+3[Rs)

With a cloud amount C, expressed as a fraction, we have :

R={3[R]+IRJ1 - O+ {E[R] +Z[RJ}C
=(1 - C)}’[‘Rb] it Cz[j‘)c] + E[RS]'

The following tables give the values of Z[R] or 2[R.], and 2[R;]:

TABLE XI.—VALUES OF Z[R;] OrR ZE[Rc].

Cal. per. sq. cm. per min.

Temp. | Z[X] | Temp. | Z[X] | Temp.| Z[A] | Temp.| Z[R]
A a. a. a.

230 051 250 -080 270 123 290 180
231 -052 251 082 271 126 291 -184
232 053 252 084 272 128 292 -187
233 ‘055 253 086 273 -130 293 191
234 -056 254 -088 274 o 294 104
235 | 057 | 255 | -ogo | 275 | 136 | 295 | -198
236 ‘059 256 -0g2 276 138 206 202

237 -060 257 -004 277 ‘141 297 *205
238 062 258 -096 278 144 298 -209
239 063 259 -0g8 279 146 299 212
240 064 200 100 280 -149 300 216
241 066 261 102 281 152 301 +220
242 067 262 104 282 ‘155 302 224
243 -068 263 +106 283 -158 303 -228
244 070 264 108 284 162 304 -231
245 072 265 ‘1L 285 -164 305 -235
246 073 266 113 286 -167 306 239

“247 075§ 267 116 287 ‘170 307 -243
248 076 268 ‘118 288 174 308 -248
249 078 269 121 289 b 309 252







