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Prof. Svante Arrhenius *.

I. Introduction : Observations of Langley on Atmospherical Absorption.

GREAT deal has been written on the influence of the absorption of the atmosphere upon the

climate. Tyndall T in particular has pointed out the enormous importance of this question. To him it
was chiefly the diurnal and annual variations of the temperature that were lessened by this
circumstance. Another side of the question, that has long attracted the attention of physicists, is this:
I's the mean temperature of the ground in any way influenced by the presence of heat-absorbing gases
in the atmosphere ? Fouriert maintained that the atmosphere acts like the glass of a hothouse, because
it lets through the light rays of the sun but retains the dark rays from the ground. This idea was
elaborated by Pouillet § ; and Langley was by some of his researches led to the view, that the
temperature of the earth under direct sunshine, even though our atmosphere were present as now,
would probably fall to -200° C., if that atmosphere did not possess the quality of selective

*Extract from a paper presented to the Roya Swedish Academy of Sciences, 11th December, 1895. Communicated

by the Author. 1" Heat a Mode of Motion,' 2nd ed. p. 405 (Lond., 1865). B
iMém t, vii. 1827. t, vii. p. 41
(1838).

Phi. Mag. S. 5. Vol. 4. No. 251. April 1896. S
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This view, which was founded on too wide a use of Newton's law of cooling, must be
abandoned, as Langley himself in a later memoir showed that the full moon, which certainly does
not possess any sensible heat absorbing atmosphere, has a "mean effective temperature" of about
45" C.t

The air retains heat (light or dark) in two different ways. On the one hand, the heat suffers a
selective diffusion on its passage through the air; on the other hand, some of the atmospheric
gases absorb considerable quantities of heat. These two actions are very different. The selective
diffusion is extra ordinarily great for the ultra-violet rays, and diminishes continuously with
increasing wave-length of the light, so that it is insensible for the rays that form the chief part of
the radiation from a body of the mean temperature of the earth %.

* Langley, "Professional Papers of the Signal Service,' NO. 15." Researches on Solar Heat," p. 123
(Washington, 1884).

t Langley,  The Temperature of the Moon." Mem. of the National Academy of Sciences, vol.
iv. 9th mem. P.193. (1890).

T Langley, "~ Prof. Papers,' No. 15, p. 151. | have tried to calculate a formula for the value
of the absorption due to the selective reflexion as determined by Langley Among the
different formulae examined, the following agrees best with the experimental results :

loga=b (/) +c(1/ ).

| have determined the coefficients of this formula by aid of the method of least squares, and
have found

b=-0.0463, c=-0.008204.

a represents the strength of a ray of the wave-length  (expressed in ) after it has entered
with the strength 1 and passed through the air-mass 1. The close agreement with experiment
will be seen from the following table:-
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1/76 1/7°6

A. a’ (obs.). a 4 (cale.). | Prob. error.
0358p | 0-904 0911
0-383 0920 0923 0-0047
0-416 ~ 0935 0-934
0-440 0-942 0941
0468 0-950 0947 00028
0550 0960 i 0960
06156 0-968 5 0967
0781 0978 |' 0977
0-870 0982 5 0980 . 00017
1-01 0-985 ] 0984
1-20 0-987 , 0-987
1-50 0989 | 0-990 00011
2-59 0-990 0993 0-0018
SN |

in the Air upon the Temperature of the Ground.

The selective absorption of the "atmosphere is, according to the researches of Tyndall, Lecher
and Pernter,’ Montgen, Heine, Langley, Angstrom, Paschen, and others *, of a wholly different
kind. It is not exerted by the chief mass of the air, but in a high degree by aqueous vapour and
carbonic acid, which are present in the air in small quantities. Further, this absorption is not
continuous over the whole spectrum, but nearly insensible in the light part of it, and chiefly
limited to the long-waved part, where it manifests itself in very well-defined absorption-bands,
which fall off rapidly on both sides t. The influence of this absorption is comparatively small
on the heat from the sun, but must be of great importance in the transmission of rays from the
earth. Tyndall held the opinion that the water-vapour has the greatest influence, whilst other
authors, for instance Lecher and Pernter, are inclined to think that the carbonic acid. plays the
more important part. The researches of Paschen show that these gases are both very effective,
so that probably sometimes the one, sometimes the other, may have the greater effect according
to the circumstances.

In order to get an idea of how strongly the radiation of the earth (or any other body of the
temperature +15°C.) is absorbed by quantities of water-vapour or carbonic acid in the
proportions in which these gases are presentin our atmosphere one should strictly speaking
arrange experiments on the absorption of heat from a body at 15° by means of appropriate
guantities of both gases. But such experiments have not been made as yet, and, as they would
require very expensive apparatus beyond that at my disposal, | have not been in a position to
execute them Fortunately there are other researches 1)y Langley in his work on "The
Temperature

For ultra-violet rays the absorption becomes extremely great in accordance with facts.
As one may see from the probable errors which | have placed alongside for the least concordant
values and also for one value (1.50 ), where the probable error is extremely small, the differences
are just of the magnitude that one might expect in an exactly fitting formula. The curves for the
formula and for the experimental values cut each other at four points (1/ =2.13, 1.88, 1.28, and
0.82 respectively). From the formula we may estimate the value of the selective reflexion for those
parts of the spectrum that prevail in the heat from the moon and the earth (angle of deviation=38 -
36°, =10.4-24.4 ). We find that the absorption from this cause varies between 0.5 and 1 p. c. for
air-mass 1.
This insensible action, which is wholly covered by the experimental errors, | have neglected in the
following calculations.

* Vide Winkelmann, Handouch der Physik

t Cf., e. g., Trabert, Meteorologishe 2eitschrift, Bd, ii, p. 238 (18J4).
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of the Moon," with the aid of which it seems not impossible to determine the
absorption of heat by aqueous vapour and by carbonic acid precisely the conditions
which occur in our atmosphere. He has measured the radiation of the full moon (if the
moon was not full, the necessary correction relative to this point was applied) at
different heights and seasons of the year. This radiation was moreover dispersed in
a spectrum, so that in his memoir we find the figures for the radiant heat from the
moon for 21 different groups of rays, which are defined by the angle of deviation with
a rocksalt prism having a refracting angle of 60 degrees. The groups lie between the
angles 40" and 35°, and each group is separated from its neighbours by an interval of
15 minutes. Now the temperature of the moon is nearly the same as that of the
earth, and the moon-rays have, as they arrive at the measuring-instruments, passed
through layers of carbonic acid and of aqueous vapour of different thickness
according to the height of the moon and the humidity of the air. If, then, these
observations were wholly comparable with one another, three of them would suffice
for calculating the absorption coefficient relatively to aqueous vapour and carbonic
acid for any one of the 21 different groups of rays. But, as an inspection of the 24
different series of observations will readily show, this is lot the case. The intensity of
radiation for any group of rays should always diminish with increasing quantity of
aqueous vapour or carbonic acid traversed. Now the quantity of carbonic acid is
proportional to the path of the ray through the atmosphere, that is, to the quantity
called " Air-mass " in Langley's figures. As unit for the carbonic acid we
therefore take air-mass =1, i.e. the quantity of carbonic acid that is traversed in the
air by avertical ray. The quantity of aqueous vapour traversed is proportional partly
to the " air-mass," partly to the humidity, expressed in grammes of water per cubic
metre. As unit for the aqueous vapour | have taken the quantity of agueous vapour
that is traversed by a vertical ray, if the air contains 10 grammes per cubic metre at
the earth's surface*. |If we tabulate the 24 series of observations published by
Langley in the work cited with respect to the quantities of carbonic acid and aqueous
vapour, we immediately detect that his figures run very irregularly, so that very many
exceptions are found to the rule that the transmitted heat should continuously
decrease when both these quantities increase.

* Thisunit nearly corresponds to the mean humidity of the air (see Table V1. p. 264).
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And it seems as if periodic alterations with the time of observation occurred in his series, On
what circumstance these alterations with the time depend one can only make vague conjectures :
probably the clearness of the sky may have altered within a long period of observation, although
this could not be detected by the eye. In order to eliminate this irregular variation, | have
divided the observations into four groups, for which the mean quantities of carbonic acid (K) and
of water-vapour (W) were 1.21 and 0.36, 2.21 and 0.86, 1.33 and 1.18, and 2.22 and 2.34
respectively. With the help of the mean values of the heat-radiation for every group of raysin
these four groups of observations, | have roughly calculated the absorption coefficients (x and y)
for both gases, and by means of these reduced the value for each observation to the value that it
would have possessed if K and W had been 1.5 and 0.88 respectively. The 21 values for the
different rays were then summed up, so that | obtained the total heat-radiation for every series of
observations, reduced to K=1.5 and W=0.88. If the materials of observation were very-
regular, the figures for this total radiation should not differ very much from one another.

In fact, one sees that observations that are made at nearly the same time give also nearly equal
values, but if the observations were made at very different times, the values differ also generally
very much. For the following periods | have found the corresponding mean values of the total
radiation :

Mean Reduction
Period. value. factor.
1885. Feb. 21-June 24 ...... 4850 13
1885. July 29-1886. Feb. 16. h344 1:00
1886. Sept. 13-Sept. 18 ...... 2748 2:31
1886. Oct. 11-Nov. 8 ...... HH35 1415
1887, Jan. 8-=Feb. 9 ...... 3725 1:70

In order to reduce the figures of Langley to comparability with one another, | have applied the
reduction factors tabulated above to the observations made in the respective periods. | have
convinced myself that by this mode of working no systematic error is introduced into the following
calculations.

After this had been done, | rearranged the figures of Langley's, groups according to the values of
K and W in the following table. (For further details see my original memoir.)
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In this table the angle of deviation is taken as head-title. After K and W stand the quantities of
carbonic acid and water-vapour traversed by the ray in the above-mentioned units. Under this comes
after i obs. the intensity of radiation (reduced) observed by Langley on the bolometer, and after this
the corresponding value i calc., calculated by means of' the absorption-coefficients given in Table I1.
below. G is the “weight” given to the corresponding i obs in the calculation, using the method of
least squares.

For the absorption-coefficients, calculated in this manner, | give the following table. (The common
logarithms of the absorption-coefficients are tabulated.)

TABLEII.-Absorption-Coefficients of Carbonic Acid (.2¢) and Aqueous Vapour (y),

244
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creases in intensity in the proportion 1 : 0.934 (log= -0.02916), the corresponding value
for the unit of water-vapour is 1: 0.775 (log= -0.1105). These figures are of course only
valid for the circumstances in which the observations were made, viz., that the ray
should have traversed a quantity of carbonic acid K=1.1 and a quantity of water-vapour
W = 0.3 before the absorption in the next quantities of carbonic acid and water-vapour
was observed and these second quantities should not exceed K =1.1 and W =1.8, for the
observations are not extended over a greater interval than between K =1.1 and K=22,
and W=03 and W=2.1 (the numbers for K and W are a little different for rays of
different hind). Below A is written the relative value of the intensity of radiation for a
given kind of ray in the moonlight after it has traversed K=1 and W=0.3. In some cases
the calculation gives positive values for log x or log y. As thisis a physical absurdity (it
would signify that the ray should be strengthened by its passage through the absorbing
gas), | have in these cases, which must depend on errors of observation, assumed the
absorption equal to zero for the corresponding gas, and by means of this value calculated
the absorption coefficient of the other gas, and thereafter also A.
As will be seen from an inspection of Table I., the values of i obs. agree in most cases
pretty well with the calculated valuesi calc. But in some cases the agreement is not so
good as one could wish. These cases are mostly characterized by a small " weight" G, that
is in other words, the material of observation is in these cases relatively insufficient. These
cases occur also chiefly for such rays as are strongly absorbed by water-vapour. This effect
is probably owing to the circumstance that the aqueous vapour in the atmosphere, which is
assumed to have varied proportionally to the humidity at the earth's surface, has not always
had the assumed ideal and uniform distribution with the height. From observations made
during balloon voyages, we know also that the distribution of the aqueous vapour may be
very irregular, and different from the mean ideal distribution. It is also a marked feature
that in some groups, for instance the third, nearly all the observed numbers are less than the
calculated ones, while in other groups, for instance the fourth, the contrary is the case. This
circumstance shows that the division of the statistic material is carried a little too far; and a
combination of these two groups would have shown a close agreement, between the
calculated and the observed figures. As, however., such a combination is without
influence on the correctness of the calculated absorption-coefficients, | have omitted
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a rearrangement of the figures in greater groups, with consequent recal culation.
A circumstance that argues very greatly in favour of the opinion that the absorption-
coefficient given in Table Il. cannot contain great errors, is that so very few
logarithms have a positive value. If the observations of Langley had been wholly
insufficient, one would have expected to find nearly as many positive as negative
logarithms. Now there are only three such cases, viz., for carbonic acid at an angle of
40", and for water-vapour at the angles 36 45 and 36 15. The observations for 40 are
not very accurate, because they were of little interest to Langley, the corresponding
rays not belonging to the moon's spectrum but only to the diffused sunlight from the
moon. As these rays also do not occur to any sensible degree in the heat from a body
of 15" C., this non-agreement is without importance for our problem. The two positive
values for the logarithms belonging to aqueous vapour are quite insignificant. They
correspond only to errors of 0.2 and 1.5 per cent. for the absorption of the quantity
W=1, and fall wholly in the range of experimental errors.
It is certainly not devoid of interest to compare these absorption-coefficients with the
results of the direct observations by Paschen and Angstrom*. In making this
comparison, we must bear in mind that an exact agreement cannot be expected, for the
signification of the above coefficients is rather unlike that of the coefficients that are
or may be calculated from the observations of these two authors. The above
coefficients give the rate of absorption of a ray that has traversed quantities of
carbonic acid (K=1'1) and water-vapour (W =0.3); whilst the coefficients of Paschen
and Angstrom represent the absorption experienced by a ray on the passage through
the first layers of these gases. In some cases we may expect a great difference between
these two quantities, so that only a general agreement can he looked for.
According to Paschen's figures there seems to exist no sensible emission or
absorption by the aqueous vapour at wave-lengths between 0.9 and 12
(corresponding to the angle of deviation 40°). On the other hand, the
representation of the sun's spectrum by Langley shows a great many

* Paschen, Wied. Ann. 1, p. 409,1803; li. p. 1, lii. p. 2C9, and liii. p. 334, 1894,
especially vol. . tab. ix. fig. 6, curve 1 for carbonic acid, curve 2 for aqueous vapour, Angstrom,
Bihang till K. Vet.-Ak. Handlingar, Rd. xv. Md. 1, No. 9, p. 16, 1889; Ofversigt af
K. Vet.-Ak, Forhandl. 1889, No.9, P. 553
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strong absorption-bands in this interval, among which those marked and arethe
most prominent*, and these absorption-bands belong most probably to the aqueous
vapour, That Paschen has not observed any emission by water-vapour in this interval
may very well be accounted for by the fact that his heat-spectrum had a very small
intensity for these short-waved rays. But it may be conceded that the absorption-
coefficient for aqueous vapour at this angle in Table Il is not very accurate (probably
too great), in consequence of the little importance that Langley attached to the
corresponding observations. After this occurs in Langley's spectrum the great
absorption-band at the angle, 39.45 ( =1-4 ), where in Paschen's curve the
emission first becomes sensible (logy = -0'1105in Table I1.). At wave-lengths of
greater value we find according to Paschen strong absorption-bands at =1.83 ( in
Langley's spectrum), i.e. in the neighbourhood of 39°.30 and at =2.64 (Langley's X)
a little above tile angle 39°.15. In accordance with this | have found rather large
absorption-coefficients for aqueous vapour at, these angles (log y = -0:0952 and

-0.0862 resp.). From = 3.0 to = 4.7 thereafter, according to Paschen tile
absorption is very small, in agreement with my calculation (log y =-0.0068 at 39°,
corresponding to = 4.3 ). From this point the absorption increases again and
presents new maxima, at = 55 = 6.6 and =77 ,i.e.inthevicinity of

the angles 3845 ( =56 ) and 38.30 ( =71 ).lInthis region the
absorption of the water-vapour is continuous over the whole interval, in consequence
of which the great absorption-coefficient in this part (log y = -0.3114 and -0.2362)
becomes intelligible. In consequence of the decreasing intensity of the emission-
spectrum of aqueous vapour in Paschen's curve we cannot pursue the details of it
closely, but it seems as if the emission of the water would also be considerable at
=8'7  (39°.15), which corresponds with the great absorption-coefficient (log y=-
0.3114)at this Place. The observations of Paschen are not extended further ending
at  =9.5 , which. corresponds to an angle of 39"08. For carbonic acid we find at first
the value zero at 40°, in agreement with the figures of Paschen and Angstrom t the
absorption of carbonic acid first assumes a sensible value at

* Langley, Ann. Ch. Et Phys. ser. 6, t, xvii. pp. 323 and 826, 1889, Prof. Papers, No. 15, plate 12.
Lamansky attributed his absorption-bands, which probably had this place, to the absorbing power of
aqueous vapour (Pogg. Ann. czlvi, p. 200, 1872).

t1t must be remembered that at this point the spectrum of Paschen was very weak, so that the
coincidence with his figure way be accidental,
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=15 , after which it increases rapidly to a maximum a =26 , and attains a new extraordinary strong
maximum a =46 (L angley'sY). Accordingto A ngstr om the absorptionof carbonicacidiszeroa =09 ,and
veywesk a =169 ,&f ter whichitincreasescontinuoudyto =4.6 anddecreasesagainto =60 Thisbehaviour
isentirdly i n agreement wi th theva uesof logxinTablell Fromthevduezeroat 40°( =10 )itatans asendble
vaue (-0029) a 39.45( =14 ), andtheresfter greater and greater values ( - 00559 a .39°.30, and —0.1070 a
39"15) ill it reach esaconsiderable maximum (-0.3412& 39, =4.3 ). After thispoint the absorpti on decr eases (a
38°.45=56 logx= -0.2035). AccordingtoTabl e .theabsorption of carbonicacida 38"30and 38.15( =7.1
and87 )hasvery grestvd ues(l ogx=-0.2438 and-0.3730), whil st according to Angstrom, it shoul d beinsensble
Thisbehaviour may beconnected with thefact tha Angstr om's spectrum had avery smd | intengty for the lar ger
wav dengths. In Paschen's curve there are traces of a continuous absorption by the carboni ¢ aci d in thi s whole
region with wesk maximaa =52 , =59 , =66 (posshlydue totracesof water-vapour), =84 , and
=89 . In consequence of the drong absorption of water-vapour in this region of the spectrum, the intensty of
radiaionwasvery smadl in Langley'sobservations, sothat the cd culated absorption-coefficientsar e there notvery
exact (cf. abovepp. 242-243). Possbly the cd cul ated absorpti on of the carbonic acid may have come out too
ored, and tha of the water-vapour too smdl in this part (between 38.30 and 38.0). This can hgppen the more
eedly,asin Table . andW in generd i ncressetogether becausethey are both proportiond to the "a r-mass”
It may be poi nted out theat this d so occurs in the problems that are treated bel ow, so0 that the error  from this
causeisnot of 0 gr eat importance asonemight think at thefir st vi ew.

For angl es gr ester than 38’ ( >95 ) we possess no di r ect ob ser v ati ons of the emission or ab sorpti on of the two
gases. Thesun'sspectr um, accor di ngto Langl ey , exhibits very great absorption-bands at about 37°.50, 37'.25, 37, and
36°40. According to my caculaionsthe agueous vapour hasits gr eatest absor bing power in  the spectrum from
38 t035 a anglesbetween 37.15 and 37 45 (the figures for 35.45,35.30, and 3515 are very uncertan, as
they depend upon very few measurements), and the carbonic acid between 36°30 and 37°.0. This seemsto
i ndicatethat the fir st two absorption-bands ar e duetotheacti on of water-
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vapour thelast two to that of carbonicacid. It should beemphasized that Langley has applied the grestest
diligence in themeasurement or theintensity of the moon'sradiation a angles between 36 and 38,
where thisradiation possesses its maximum intengity. It may, therefore, be assumed that the calcul ated
absorption-coefficientsfor thispart of the spectrum arethe mogt exact.

. The Total Absorption by Atmospheres of Varying Compositions

As we have now determined, in the manner described, the values of the absorption-coefficients for all
kindsof rays itwill with thehdp of Langley'sfigurest bepossbleto cadculate thefraction of the heat
fromabody a 15 C. (the earth) which isabsorbed by an amospherethat contai ns specified quantities of
carbonic acid and water-vapour. To beginwith, wewill executethiscaculation with thevaues =1 and.
W=03. we take that kind of ray for which the best determinations have been madeby Langley and this
liesinthe midst of the most important part of the radiaion (37°). For thispencil of rayswefind theintensty
of radiation & K=1and W=0.3 equd t062.9; and with the hep of the absorption-coefficientswe ca cul ae
the intengity for K=0 and W=0, and find it equa to 105. Then we use Langl ey's experiments on the oectra
disribution of theradiaion fromabody of 15 C, and cdculaetheintensty for al other angles of
deviation. Thexintendtiesaregivenunder theheading M. After thiswe haveto cdculatethe va uesfor
K=1land W=0.3 For theangle37° weknow ittobe62.9. For any other angle wecoul dtaketheva ues

fromTablell.if themoonwereabody of 15 C. But a caculation of the figuresof Very 1 showsthat the
full moonhasahigher temperature, ebout 100" C. Now the spectral distributionisnearly, but not quite, the
samefor the heat from abody of 15 C.and for that from oneof 100° C. With thehelp of Langley's
figuresit is, however, essy to reduce the intensiti es for the hot body at 100" (the moon) to be vdid for a
body at 15

* After having been sifted through an atmosphere of K=1.1and W=0.3.

T ‘Temperature of the Moon,' plate5.
1 "The Distribution of the Moon'sNeat," Utrecht Society of Artsand Sc. The Hague, 1891.
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For angles less than 37° one finds, in the manner above described, numbers that are a little inferior to the
tabul ated ones, which are found by means of tile absorption-coefficients of Table . and the values of

In this way the sum of the M'sis alittle greater (6.8 per cent.) than it would be according to the calculation
given above. This non-agreement results probably from the circumstance that the spectrum in the observations
was not quite pure.

The value 37.2 may possibly be affected with arelatively great, error in consequence of the uncertainty of the M-
values. In the foll owi ng calculations it is not so much the value 37.2 that pl ay s the important part, but rather the
diminution of the value caused by increasing the quantities K and W. For comparison it may be mentioned
that Langley has esti mated tile. quantity of heat from the moon that passed through the atmosphere (of mean
composition) in his researches to be 38 per cent* As the mean atmosphere in Langley's observations
corresponded with higher values of and W than =1 and W=0.3, it will be seen that he attributed to the
atmosphere a greater transparence for opaque raysthan have done.In accordance with Langley's estimation,
we should expect for =1 and W=0.3 avalue of about 44 instead of 37.2. How great an influence this
difference may exert will beinvestigated in what foll ows.

T he absorption-coefficients quoted in Table . arevalid for aninterval of K between about 1'1 and 225, and for
W between 03 and 2.22 In this interval one may with the help of those coefficients and the values of
given above, calculate the value of  for another value of and W, and so in this way obtain by means of
summation thetotal heat that passesthrough an atmosphere of given condition. For further cal cul ations
have al so computed valuesof ~ for atmospheresthat contain greater quantities of carbonic acid and agueous
vapour. These val ues must be considered as extrapolated. In the following table (Table I1l.) have given
thesevaluesof . The numbersprintedin italicsarefound directly in the manager

* Langley, ‘ Temperature of the Moon," . 197.
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described, those in ordinary type are interpolated from them with the help of |'ouillet's'
exponential formulaThe table has two headings one which runs horizontally and represents the
quantity or aqueous vapour (W), and another that tuns vertically and represents the
quantity of carbonic acid (K) in the atmosphere.

Quite different from this dark heat is the behaviour of the heat from the Sun on
passing through new parts of the earth's atmosphere. The first parts of the
atmosphere exert without doubt a selective absorption of some ultra-red rays, but as
soon as these are extinguished the heat seems not to diminish as it traverses new
guantities of the gases under discussion. This can easily be shown for aqueous
vapour with the help of Langleys actinometric observations from Mountain Camp and
Lone Pine in Colorado*. These observations were executed at Lone Pine from the
18th of August to 6'" of September 1882 at 7h 15m and 7h45m at 11h 45m A.M. and
12h 15m P.M., and at 4h 15m and 4h 45m P.M. At Mountain Camp the observations
were carried out from the 22nd to the 25th of August at the same times of the day,

except that only one observation was performed in the morning (at 8h Om). | have
divided these observations into two groups for each station according to the
humidity of the air. |In the following little table are quoted, first the place of

observation, after this under D the mean date of the observations (August 1882),
under W the quantity of water, under | the radiation observed by means of the
actinometer, under I, the second observation of the same quantity.

* Langley, ‘ Researches on Solar heat’ pp. 94, 98, and 177.
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At a very low humidity (Mountain Camp) it is evident that the absorbing power of the
aqueous vapour has an influence, for the figures for greater humidity are (with an
insignificant exception) inferior to those for less humidity. But for the observations from
Lone Pine the contrary seems to be true. It is not permissible to assume that the radiation
can be strengthened by its passage through aqueous vapour, but the observed effect must
be caused by some secondary circumstance. Probably the air is in general more pure if
there is more water-vapour in it than if there is less. The selective diffusion diminishes in
consequence of this greater purity, and this secondary effect more than counterbalances the
insignificant absorption that the radiation suffers from the increase of the water-vapour.

It is noteworthy that Elster and Geitel have proved that invisible actinic rays of very high
refrangibility traverse the air much more easily if it is humid than if it is dry. Langley's
figures demonstrate meanwhile that the influence of aqueous vapour on the radiation from
the sun isinsensible as soon as it has exceeded a value of about 0.4.

Probably the same reasoning will hold good for carbonic acid, for the absorption spectrum)
of both gases is of the same general character. Moreover, the absorption by carbonic acid
occurs at considerably greater wave-lengths, and consequently for much less important
parts of the sun's spectrum than the absorption by water-vapour*. It is, therefore justifiable
to assume that the radiation from the sun suffers no appreciable diminution if K and W
increase from a rather insignificant value (K=1, W=0.4) to higher ones.

Before we proceed further we need to examine another question. Let the carbonic acid in
the air be, for instance, the same as now (K=1 for vertical rays), and the quantity of water-
vapour be 10 grammes per cubic metre ( W =1 for

* Cf. above pages 246-248, and Langley's curve for the solar spectrum, Ann, d. Ch. et d.
Phys. ser G, t. xvii. pp. 323 and 326 (1889) ; ' Prof. Papers,' No. 15, plate 12.
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vertical rays). Then the vertical rays from the earth traverse the quantities K =1 and
W =1; rays that escape under an angle of 30" with the horizon (air-mass=2) traverse
the quantities K = 2, W = 2; and so forth. The different rays that emanate from a
point of the earth's surface suffer, therefore, a different absorption-the greater, the
more the path of the ray declines from the vertical line. It may then be asked how
long a path must the total radiation make, that the absorbed fraction of it is the same
as the absorbed fraction of the total mass of rays that emanate to space in different
directions. For the emitted rays we will. suppose that the cosine law of Lambert
holds good. With the aid of Table IIl. we may calculate tile absorbed fraction of any
ray, and then Sum up the total absorbed heat and determine how great a fraction it is
of the total radiation. In this way we find for our example the path (air-mass) 1.61.
In other words, the total absorbed part of the Whole radiation is just as great as if
the total radiation traversed the quantities 1.61 of aqueous Vapour and of carbonic
acid. This number depends upon the composition of the atmosphere, so that it
becomes less the greater the quantity of aqueous vapour and carbonic acid in the air.
In the following table (IV.) we find this number for different quantities of both
gases.

TABLEIV.-Mean path o f the Earth's rays,

If the absorption of the atmosphere approaches zero, this number approaches the value 2.

Phil. Mag. S. 5. Vol. 41. No, 251. April 1896.
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[11. Thermal on the Qurface and in the Atmospher e of the Earth.

As we now have a sufficient knowledge of the absorption of heat by the atmosphere, it remains to examine how the
temperature of the ground depends on the absorptive power of the air. Such an investigation has been already
performed by Pouillet*, but it must be made anew, for Pouillet used hypotheses that are not in agreement with our
present knowledge.

In our deductions we will assume that the heat that is conducted from the interior of the earth
to its surface may be wholly neglected. If a change occurs in the temperature of the earth's
surface, the upper layers of the earth's crust will evidently also change their temperature; but
this later process will pass away in a very short time in comparison with the time that is
necessary for the alteration of the surface temperature, so that at any time the heat that is
transported from the interior to the surface (positive in the winter, negative in the summer)
must remain independent of the small secular variations of the surface temperature, and in
the course of a year be very nearly equal to zero.

Likewise we will suppose that the heat that is conducted to a given place on the earth's
surface or in the atmosphere in consequence of atmospheric or oceanic currents, horizontal or
vertical, remains the same in the course of the time considered, and we will also suppose that
the clouded part of the sky remains unchanged. It is only the variation of the temperature
with the transparency of the air that we shall examine.

All authors agree in the view that there prevails an equilibrium, in the temperature of the
earth and of its atmosphere. The atmosphere must, therefore, radiate as much heat to space as
it gains partly through the absorption of the sun's rays, partly through the radiation from the
hotter surface of the earth and by means of ascending currents of air heated by contact with
the round. On the other hand, the earth loses just as much heat by radiation to space and to
the atmosphere as it gains by absorption of the sun's rays. If we consider a given place
in the atmosphere or on the ground, we must also take into consideration the quantities of
heat that are carried to this place by means of oceanic or atmospheric currents. For the
radiation we will suppose that

Pouillet, Comptes rendus, t. vii. p. 41 (1838).
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Stefan's law of radiation, which is now generally accepted, holds good, or in other words that the
guantity of heat (W) that radiates from. a body of the albedo (1- ) and temperature (absolute) to
another body of the absorption-coefficient and absolute temperature is

where is the so-called radiation constant (1.21.10™*2 per sec. and cm?) . Empty space may be regarded
as having the absol ute temperature 0*.

Provisionally we regard the air as a uniform. envelope of the temperature and the absorption-
coefficient for solar heat; so that if  calories arrive from the sun in a column of 1 cm.? cross-section,
are absorbed by the atmosphere and (1- )A reach the earth's surface, In the calories there is,
therefore, not included that part of the sun's heat which by means of selective reflexion in the
atmosphere is thrown out towards space. Further, let designate the absorption coefficient of the air for
the heat that radiates from the earth's surface ; is also the emission-coefficient of the air for radiation
of low te nperature-strictly 15° ; but as the spectral distribution of the heat varies rather slowly with the
temperature may be looked on as the emission-coefficient also at the temperature of' the air. Let the
albedo of the earth's crust be designated by (1- ), and the quantities of heat that are conveyed to the air
and to the earth's surface at the point considered be and . respectively. Asunit of time we may take
any period: the best choicein the following calculation is perhaps to take three months for this purpose.

As unit of surface we may take 1 cm.?, and for the heat in the air that contained in a column of 1 cm.?
cross-section and the height of the atmosphere. The heat that is reflected from the ground is not
appreciably absorbed by the air (see p. 252), for it has previously traversed great quantities of water-
vapour and carbonic acid, but a part of it may be returned to the ground by means of diffuse reflexion.
Let this part not heincluded in theabedo (1- ), , , , , ,and areto beconsidered as constants, as
theindependent, and and T as the dependent variables. Then we find for the column of air

The first member of this equation represents the heat * Langley, 'Prof. Papers,' No. 15, p. 122." The
Temperature of the Moon" . 206.
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radiated from the air (emission-coefficient , temperature ) to space (temperature 0). The second onegivesthe
hest radiated fromthe soi | (1 cm?, temperature T, al bedo 1- )totheair; thethird and fourth give the
amount of thesun'sradiationabsorbed by theair, andthequantity of heat obtained by conduction
(@r-currents fromother partsof thear or from theground: Inthe same manner wefind for the
eathssurface

The first and second members represent the radi ated quantities of heat that go to the ar and to space
repectivey, (1- ) is the part of the sun's radiation absorbed, and N the heat conducted to the poi nt
cons dered from other patsof thesoil or fromthear by meansof water - or air-currents. Combining both
these equations for thedimination of ,which hasno consderablei nter est, wefindfor *

For the earth's solid cr ust we may, without sensbleerror, put equd to 1, if we ex cept the snowfi éds, for
which we assumev=05. For thewater -cov er ed par tsof theearth. haveca cul ated themeanva ueof tobe
0925by aidof thefiguresof Zenker*. Wehave d s0,in thefollowing to mekeuseof thea bedo of the
cdouds donot know if this has ever been measured, but it probably does not di ffer very much from that of
fresh fdlen snow, which Zollner has determined to be 0.78,i. e. v=0.22. Forold snow thea bedois
muchlessor much greater; ther ef orewe have assumed 05 asamean vadue,

Thelast formulashows thet the temperature of the eerth augmentswith , and the morerapidly the grester  is. For an
increaseof 1 if =1wefind thefal | owingi ncreasesfor theva uesof v=0.925,05,and 0.22repectivey :-

Thisreasoni nghol dsgoodi f thepartof theearth'ssurface

* Zenker, Die Vertheilung der Warme auf der Erdoberflache , 54
(Berlin, 1888).
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considered does not alter its albedo as consequence of the altered temperature. In that
case entirely different circumstances enter. If, for instance, an element of the surface
which is not now snow-covered, in consequence of falling temperature becomes clothed
with snow, we must in the last formula not only alter but also . In this case we must
remember that is very small compared to . For we will choose the value 0.40 in
accordance with Langley's * estimate. Certainly a great part of this value depends upon
the diffusely reflected part of the sun's heat, which is absorbed by the earth's
atmosphere, and therefore should not be included in , as we have defined it above. On
the other hand, the sun may in general stand a little lower than in Langley's measure-
ments, which were executed with a relatively high sun, and in consequence of this
may be alittle greater, so that these circumstances may compensate each other. For we
will choose the value 070, which corresponds when K=1 and W =0.3 (a little below the
freezing-point) with the factor 1.66 (see . 253). In this case we find the relation
between (uncovered) and (snow-covered surface) to be

if M = . We have to bear in mind that the mean for the whole earth is zero, for the
equatorial regions negative and for the polar regions positive. For a mean latitude M=0, and
in this case ; becomes 267.3 if T=273, that is the temperature decreases in consequence of
the snow-covering by 57 C.  The decrease of temperature from this cause will be valid
until =1, i.e. till the heat delivered by convection to the air exceeds the whole radiation of
the sun. This can only occur in the winter and in polar regions.

But this is secondary phenomenon. The chief effect that we examine is the direct
influence of an alteration of upon the temperature T of the earth's surface. If we start
fromavalue =273 and =0.70, we find the alteration (t) in the

* Langley, " Temperature of the Moon," p.189. On p. 197 he estimates to be only
0.33.
TAccording to the correction introduced in the sequel for the different heights of the
absorbing and radiating layers of the atmosphere, the number 5 7 isreduced to 4 .0. But as
about half the sky is cloud covered, the effect will be only half as great as for cloudless sky,
i.e, the mean effect will be alowering of about 2° C.
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temperature whichis caused by the variai on of RBtothefol lowingva uestobe

Theevauesa ecdculated for =1, i. e for thesolid crug of theearth'ssurface, except the snowfid ds For

aurfaceswith another vad ue of , asfor i ngancethe ocean or the snowfidds, we have to multi ply this vaue t

by a fractiongiven. above.

We hav e now shortly to condder the influence of theclouds  greet part of the earth's surface rece v es no hest

directly fromth e sun, because the sun'srays ar e sopped by cl ouds. How great apart of the earth’s surface is

cov er ed by cloudswe may find from Teisserenc deBor tswork* on Nebul osity. Fromtab. 17 of this publication
have determined th e mean nebulosity for di fferentlati tudes andfound: -

For thepatof theeathbetween60'S.and60'N . we find themeanvalue0.525, i.e. 52.5 per cent. of the, ky
isclouded. The heat-effect of thesecd oudsmay beestimatedin thefallowing manner. Suppossacioud lies
overapart of theearth'ssurface and that no connection exi sshetw een this shadowed part and th e neighbouring
parts, then a ther ma equilibrium will exist between the temperature of the cloud and of the underlying ground.
They will radi ate to each other and the cloud also to the upper airand to space, and theradiai on between cloud
and earth may, on account of the dight difference of temperature, be taken as proportiond to this difference.
Other exchanges of heat by means of ar-currents are dso, as a firgt gpproximation, proportiond to thisdif-
ference |If wetheref oresupposethe temperature of thecl oudto dter (other circumsances, asitshei ght and
compod tion, rema ning unchanged), thetemperature of theground underitmugd sodter in thesame
manner if thesamesupply of heet to both subsgsif ther e were no supply to the ground from neighbouring
parts the doud and the ground would finaly assume the same mean temperature. | f, therefore, the
temperature of thed oudsvari esin adeter mi ned manner

* Td ssrencdeBort, " Digributi onmoyennedela nebul oste" Ann. du bureau central mete orologique de
France, Anneel183tiv. %®patie .27,
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(without dterdion of their other properti es as he ght, compactness, &c.), the ground will undergo the same
variaionsof temperaure Nowitwill be shown in thesequd tha avaiaion of thecarbonicaddof the
amogpherein the same proportion produces nearly the same themd effect independently of its asolute
magnitude (e . 265). Therefore we may cd cul de the temperaure-varidion i n  this case as if the d ouds cover ed the
ground with athin film of theabedo0.78( =022, s .256). Asnowontheaverage =landW=lnexly,
and in thiscae isdout 079,theeffect onthedoudedpatwill beonly 0250of theeffect onpartsthahave v=1.
f alike corectionisintroduced for the ocean ( =0.925) on the suppostion that theund ouded part of the earth
cong gsof asmuchwaer asof 0l i dground (whichisgpproxi metd y true, for thed oudsareby pref er encedored up
ov er the ocean), we find amean effect of , in round numbers, 60 p. c. of thatwhich wouldexig if the wholeearth's
aurfacehad =1. The snow-cov er ed pats a e not considered, for, ontheonehand, thexepartsaemodly clouded to
about 65p.c.;further, theycondituteonlyavery smdl part of theeath (for thewholeyear ontheav er ageonly about
4 . c),sothat thecor recti on for thiscasewould not exceed 0.5 p.c. inthelast number 60. And further, on the border countri es
between snowfid ds and free s0il secondary effects come into play (sse . 257) which compensae, and perhaps
over come, themoderating effect of thesn ow.
Inthe foregoing we have supposed thet thea r 1 Sto be regarded as an envelope of perfectly uniform temperature. Thisisof course
not tr ue, and we now pr oceed to an exami ndi on of the probable cor r ection s that mu & be introduced for di mi nating the
er rorscaused by thisinexactne ssitisev id ent that the parts of' the air which rediate to pace ar echi efly the externd onesand on
the other hand thelayers of air which absorb the gr estet part of the earth'sradiation do not lievery high. Fromthis cause both the
radi ationfromar togpace(  *ineq. 1) andd ootheradiaion of theeathtothear( (T-%in eq. 2), ae
oreatl y reduced, and thear hasamuch greaer effect asprotecting again g theloss of heat to pacethan i sassumedin
theseequations andconsequently al soin eq. (3). If weknewthedi ffer enceof temperaiure between thetwolay er s
of thear tha radi aeto gpace and absorb the earth'sradidion, it would beessy tointroduce the necessary
correction in formul ae(), (2), and 3). For thispur pose  have adduced thefol | owi ng consideration.

Asat themean composition of the atmosphere (K=1,
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W=1)about8 pc. of the earth'sradiation i s absorbed in the air, we
may as mean temperature of the absorbing layer choose the temperature at the height where 40
p. c. of the heat is absorbed. Since emission and absorption follow the same quantitative laws,
we may as mean temperature of the emitting layer choose the temperature at the height where
radiation entering from space in the opposite direction to the actual emission is absorbed to the
extent of 40 p. c.

Langley has made four measurements of the absorptive power of water-vapour for radiation
from a hot Leslie cube of 100° C These give nearly the same absorption-coefficient if
Pouillet's formulais used for the calculation. From these numbers we calculate that for the
absorption of 40 p. c. of the radiation it would be necessary to intercalate so much water-
vapour between radiator and bolometer that, when, condensed, it would form a layer of water
305 millimeters thick. If we now suppose as mean for the whole earth =1 and W=1 (see
Table VI.), we find that vertical rays from the earth, if it were at 100° must traverse 305 metres
of air to lose 40 p.c. Now the earth is only at 15° C., but this cannot. make any great
difference. Since the radiation emanates in all directions, we have to divide 305 by 1.61 and
get in this way 209 metres. In consequence of the lowering of the quantity of water-vapour
with the height T we must apply a slight correction, so that the final result is 233 meters. Of
course this number is a mean value, and higher values will hold good for colder, lower for
warmer parts of the earth. In so small a distance from the earth, then, 40 p. c. of the earth's
radiation should be stopped. Now it is not wholly correct to calculate with Pouillet's formula
(it is rather strange that Langley's figures agree so well with it.), which gives necessarily too
low values. But, on the other hand, we have not at all considered the absorption by the
carbonic acid in this part, and this may compensate for the error mentioned. In the highest
layers of the atmosphere there is very little water-vapour, so that we must calculate with
carbonic acid as the chief absorbent.

From a measurement by Angstrom 1, we learn that the absorption-coefficients of water-vapour
and of carbonic acid in equal quantities (equal number of molecules) are in the proportion 81 :
62. Thisratioisvalid for the least hot radiator that Angstrom used, and there is no doubt

*Langley, " Temperature of the Moon," p. 186.

tHann Meteorologische Zeitschrift, xi. . 196 (1894).
t Angstrom, Bihang till . Vet.-Ak. Handl. Bd. xv. Afd. 1, No. 9, pp. | 1 and 18 (1889). ,
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that the radi @i on of the eath is much less refrangible But in the absence of a more gppropriate
determination we may use this for our purpose it is probable tha for a less hot radi aor the
absorptive power of thecarbonicacid would comeout alittle greaer compared with tha of
water -v gpour, for the absorption-bandsof CO,ar €, onthewhole, lessref rangi bl ethanthose of 0 (see
pp. 246-248). Us ng the number 003 vol. P. c. for the quarntity of carbonic acid in the atmosphere, we
find that ray swhich emanatefrom theupperpartof the air are derivedtotheextent of 40 p. c. from
alayer tha conditutes 0145 part of the amosphere. T his correponds to ahei ght of about 15,000
metres. Concerning thisva ue wemay makethesameremark asontheforegoingvd ue Inthis
caxe we have neglected the absorption by the smdl quantities of water-vapour in the higher
amogphee The temperaturedifference of thex two layersthe one absorbing, the other
radi ai ng-is, according to Glai sher 'smeasurements* (wi th al i ttl e extrapolation), about 42° C.

Fortheclouds wegetnaturally dightly modified numbers. We ought to takethe mean height of the
cloudstha ar eilluminated by thesun. Assuchcouds havechosen thesummitsof the cumuli that
lie a an average height of 1855 metres, with a maximum height of 3611 metresand a minimum of
900 metrest. havemadecd cul ai onsfor mean va uesof 2000 and 4000 metres (correponding
to differencesof temperatureof 30° C.and20 C.inseadof 42 C.fortheearth'ssurf ace).

If we now wi sh to adjusg our formul ae (1) to (3), we have in (1) and (2) to introduce as the mean
temperature of the radiating layer and ( +42), ( + 30), or ( +20) rexpectively for the mean
temperature of the absorbing lay er. In the firgt case we should use =1 and v=0.925 respectively, iii the
second and thethird case -0.22.

Wethen findinsgead of theformula(3)
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wherecisacongtant wi th theva ues1.88,1.58, and 1.37 respecti vely for thethreecases*. Inthi sway we
find thefoll owi ng corrected val ueswhichrepresentthevariaion of temperature i f the solid ground
changesitstemperature 1l C.in consquence of avariaionof ascdculatedby meansof formula

(3).

If we now assume as amean for the whole earth =1 and W= 1., we get = 0.785, and taking the
couded partto be 525 p. c. and the c ouds to have a height of 2000 meters, further assuming the
undouded remainder of the earth's surface to cons & equaly of | and and water, we find as av erage
vaidion of tenperaure

1.63x0.2385 +1.54 x 0.2385 + 0.39 x 0.525 =0.979,

or vey nealy the sam e effect aswe may cd culae directly fromtheformula (3). Onthisground
hav eusedthesmpl er formula.

Intheforegoing haveremark ed thet accor dingto my esti mati on theai r islesstrangparent for dar k
heat than on Langl ey 's edimate and near])? in the proportion 37.2 : 44. How great an i nfluence this
difference may exerciseisvery easly cd cul ated withthehep of formula(3) or (4). AccordingtoLangl ey's
va uation, theeffect shouldbenearly 15p.c. greaer than accordingtomine. Now think tha my
estimate agrees better with the gr est absorption that Langl ey hasfound for beat from ter redtrid radiating
bodies (see p. 260), and indl circumdtances havepreferred todightly underestimatethantoover rate
theeffect in quedtion.
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V. Calculation of the Variation of Temperature that would ensue in consequence of a
given Variation of the Carbonic Acid in the Air.

We now possess all the necessary data for an estimation of the effect on the earth's
temperature which would be the result of a given variation of the aerial carbonic
acid. We only need to determine the absorption-coefficient for a certain place
with the help of Table Ill. if we know the quantity of carbonic acid ( K =1 now)
and water-vapour (W) of this place. By the aid of Table IV. we at first determine the
factor that gives the mean path of the radiation from the earth through the air

and multiply the given - and W-values by this factor. Then we determine the
value of which corresponds to and W. Suppose now that the carbonic acid
had another concentration (e.g. 1=1.5). Thenwe at first suppose W unaltered

and seek the new value of , say p,;, that is valid on this supposition. Next we
have to seek , which correspondsto ; ; (1'5 ;) and pW. From formula (3)
we can then easily calculate the alteration (t) (here increase) in the temperature
at the given place which will accompany the. variation of from to . In
consequence of the variation (t) in the temperature, W must also undergo a
variation. As the relative humidity does not vary much unless the distribution of
land and water changes (see table 8 of my original memoir), have supposed that
this quantity remains constant, and thereby determined the new value W of W.
A fresh approximation gives in most cases values of W and which may be
regarded as definitive. In this way, therefore, we, get the variation of
temperature as soon as we know the actual temperature and humidity at the given
place.
In order to obtain values for the temperature for the whole earth, have
calculated from Dr.Buchan's charts of the mean temperature at different places
in every month * the mean temperature in every district that is contained
between two parallels differing by 10 and two meridians differing by 20
degrees, (e. g., between 0° and 10° . and 160' and 180" W.) . The humidity has
not as yet been sufficiently examined for the whole earth; and have therefore
collected a great many measurements of the relative humidity at different places
(about 780) on the earth and marked them down in maps of the world, and
thereafter estimated the mean values for every district. These quantities have
tabulated for the four seasons, Dec.-Feb., March-May, June-Aug., and Sept.-
Nov. The detailed table and the observations used are to be found in my
original memoir : here reproduce only the mean values for every tenth
parallel (Table VI.).

* Buchan : Report on the Scientific Results of the Voyage of H.M.S.
Challenger,' Physics and Chemistry, vol. ii,, 1889.
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By meansof thesevaues have cd culated the mean ateration of temperature that would follow if the
quantity of carbonic acid varied from itspresent meanvd ue ( =1) to ancther, viz.to =0.67, 1.5, 2,
25, and 3regpectivdy. This cdculaion is madefor every tenth pardld, and separately for thefour

seasonsof the year. The variationisgiven in Table VIl

A glance at this Table shows thet the influence is nearly the same over the whole earth. Theinfluence hasa
minimum near the equator, and i ncr easesfrom thisto aflat maximum that 1 i es the further from the equator
the higher the quantity of carbonic acidinthear. For K=0.67 the maximum effect li es about the 40th
pardld, for K=1.50onthe50th, for =2 onthe60th, and for higher K-vauesabovethe70thpard|d.

Theinfluenceisingenerd greater in thewinter thanin the summer except in the case of the parts
that lie between the maximum and the pol e, The i nfluence wil | a so be gr eater the higher the value of v,
that isin general somewhat gr egter for land than for ocean. On account of the nebulosity of the Southern
hemisphere, the effect will be less there than in the Northern hemisphere. Anincrease in the quantity of
carbonic acid will of course di minish the difference in temperature between day and night. A very

important secondary € evati on of the effect wi Il be producedin those pl aces that alter their abedo by the
extension or regression of the snow-cov efi ng (see page 257), and this secondary effect wil I probably remove
the maximum effect from lower pard | e stotheneighbourhood of thepol es*.

It mugt be remembered that the ab ove caculations are found by interpolation f r om Langley's numbers for
the vdlues =067 and K=15, and tha the other numbers must be regarded as extrapolated. The use of
Pouillet's formula makes the valuesfor  =0.67 probably alittle too smdll those for =1.5alittl e too grest.
Thisisdsowithout doubt the casefor the extrapolated vaues, which correspond to higher val ues of

We may now inquire how great must the variaion of the carbonic acid in the atmosphere be to cause a
given changeof the temperature The answer may be found by interpolation in TebleVII. To
facilitate such aninquiry, we may makeas mpl e observtion. If the quantity of carbonic acid
decr easesfrom 1to 067, thefad | of temperatureisnearly thesameastheincreaseof temperatureif this
quantity augments to 15. And to get anew increase of thisorder of magnitude (3.4), it will be
necessary to d ter the quantity of carbonicacidtill it reachesava ue nearly midway between 2 and 2.5.

* See Addendum, p. 275.
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Thusif thequantity of carbonic acidincreasesin geometric progression, the augmentation of
the temperature will increase nearly in arithmetic progression. T his rule-which naturally holds
goodonly in the part investigated- will be useful for thefoll owi ng summary estimations.

5. Geological Consequences.

should certainly not have undertaken these tedious calculations if an extraordinary
i nter est had not been connected with them. In the Physical Society of Stockholm there
hav e been occasionally very lively discussions on the probable causes of the Ice Age; and these
discussions have, in my opinion, led to the conclusion that there exists as yet no sati sfac-tory
hypothesis that coul d explain how the climatic conditions for an ice age could be realized in so
short a time as that which has elapsed from the days of the glacial epoch. The common vi ew
hitherto has been that the earth has cooled in the lapse of time; and if one did not know that the
rev er se has been the case, one would certainly assert that this cooling must go on continuously .
Conversations with my friend and colleague Professor Hogbom, together with the discussions
above referred to, led me to make a preliminary estimate of' the probable effect of a variation of' the
atmospheric carbonic aci d on the temperature of the earth. As this estimation led to the belief that
one might in thisway probably find an explanation for temperature variations of 5-10 (J., worked out
the calculation morein detail, and lay it now before the public and thecritics.
From geol ogi cal researchesthe factis well established that in Tertiary times there existed a
vegetation and an animal lifein the temperate and ar cti ¢ zones that must have been conditioned by
a much higher temperature than the present in the same regions *. The temperature in the arctic
zon es appears to have exceeded the present temperature by about 8 or 9 degrees. To this genial time
the ice age succeeded, and thi s was one or more times interrupted by interglacial periodswith a
climate of about the same character as the present, sometimes even milder.
When the ice age had its greatest extent, the countries that now enjoy the highest civilization
wer e cov er ed with ice. This was the case with Irel and, Britain (except a small part in the
south), Holland, Denmark, Sweden and Norway, Russia(toKiev,

* For details cf. Neumayr, Erdgeschichte, Bd. 2 Leipzig, 1887; and Geikie, * The Great Ice-
Age,' 3rd ed. London, 1894 ; Nathorst, Jordens historia, p. 989, Stockholm, 1894.
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Ord, and Nijni Novgorod), Germany and Audtria (totheHarz, Erz-Gebirge, Dresden, and Cracow). Atthe
sametime anice-cap fromthe Alps covered Switzerland, parts of France, Bavaria south of the Danube, the Tyral,
Styria and other Audtrian countries, and descended into the northern part of Italy. Simultaneoudy, too,
North Americawas cover ed with iceonthe west coast to the 47th parallel, on the east coadt to the 40th, and in the
centra part to the 37th (confluence of the Mississippi and Ohio rivers). In the most different parts of the worl d
too, we have found traces of a greet ice age, as in the Caucasus, As a Minor Syria, the Himalayas, India,
Thian Shan Altai, Atlas, on Mount Kenia and Kilimandjaro (both. very near to the equator), in South Africa,
Audrdia, New Zedand, Kerguden, Fakland Idands, Patagonia and other parts of South America The
geol ogigtsin generd areinclined to think that these gl aci ati ons wer e simultaneous on the whole earth *; and this
most natural view woul d probably have been generdly accepted, if thetheory of Croall, which demandsagenia
age on the Southern hemispher e at the same time as an ice age on the Northern and vice ver sa, had not influenced
opinion. By measurements of the displacement of the snow-line we arrive a the result, -and this is very
concordant for different places - that thetemper atur e at that timemust have been 4-5 C. lower than at present. The
last glaciaion must have taken place in rather recent times, geologicaly spesking, so that the human race
certai nly had appeared e that period. Certain American geol ogi &s hold the opinion that s nce the close of the
iceageonly some 7000 to 10,000 year s have elapsed, but thismost probably is grestl y underestimated.

One may now ask, How much mugt the carbonic acid vary according to our figures, in order that the
temperature shoul d attainthe same values as inthe Tertiary and lce agesrepectivdy ? A smple
cd cul ati on shows that the temperature in the arctic regions would ri se about 8 to 9C., if the carbonic acid
increased to 2.5 or 3timesitspresentva ue Inorder to get thetemperature of the ice age between the 40th and
50th pardlds the carbonic acid in the ar should snk to 0.62 — 0.55 of its present vdue (lowering of
temperature 4-5 C.). The demands of the geol ogi sts, that at the genid epochs the cli mate should be more
uniform than now, accords very wel with our theory. The geographicd annua and diurnd ranges of
temperature would bepartly smoothed away, if thequantity of carbonic aci d wasaugmented. The

* Neumayr, Erdgeschichte, p 648; Nathorst, |. c. p. 992.
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reverse would be the case (at least to a latitude of 50° from the equator), if the carbonic
acid diminished in amount. Butin both these cases inclineto think that the secondary
action (see p.257) due to the regress or the progress of the snow-covering would play
the most important role. The theory demands also that, roughly speaking, the whole
earth should have undergone about the same variations of temperature, so that
according to it genial or glacial epochs must have occurred simultaneously on the
whole earth. Because of the greater nebulosity of the Southern hemisphere, the
variations must there have been a little less (about 15 per cent.) than in the Northern
hemisphere. The ocean currents, too, must there as at the present time, have effaced
the differences in temperature at different latitudes to a greater extent than in the
Northern hemisphere. This effect al so results from the greater nebulosity in the arctic
zones than in the neighbourhood of the equator.

There is now an important question which should be answered, namely :-Isit probable
that such great variations in the quantity of carbonic acid as our theory requires have
occurred in relatively short geological times? The answer to this question is given by
Prof. Hogbom. As his memoir on this question may not be accessible to most readers
of these pages, have summed up and translated his utterances which are of most
importance to our subject *:-

" Although it is not possible to obtain exact quantitative expressions for the reactions
in nature by which carbonic acid is developed or consumed, nevertheless there are
some factors, of which one may get an approximately true estimate, and from which
certain conclusions that throw light on the question may be drawn. In the first place,
it seems to be of importance to compare the quantity of carbonic acid now present in
the air with the quantities that are being transformed. |f the former is insignificant
in comparison with the latter, then the probability for variations is wholly other than
in the opposite case.

" On the supposition that the mean quantity of carbonic acid in the air reaches 0.03
vol. per cent., this number represents 0.045 per cent, by weight, or 0.342 millim.
partial pressure, or 0466 gramme of carbonic acid for every cm? of the earth's
surface. Reduced to carbon this quantity would give a layer of about 1 millim.
thickness over the earth's surface. The quantity of carbon that is fixed in the living
organic world can certainly not be estimated with the

* H gbom, Svensk kemiskTidskrift, Bd. vi. . 169 (1894).
Phil, Mag. S. 5. Vol. 41. o. 251. April 189%.
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same degree of exactness ; but it is evident that the numbers that might express this quantity
ought to be of the same order of magnitude, so that the carbon in the air can neither be conceived
of as very great nor as very little, in comparison with the quantity of carbon occurring in
organisms. With regard to the great rapidity with which the transformation in organic nature
proceeds, the disposable quantity of carbonic acid is not so excessive that changes caused by
climatological or other reasons in the velocity and value of that transformation might be not able
to cause displacements of the equilibrium.

" The following calculation is also very instructive for the appreciation of the relation between the
guantity of carbonic acid in the air and the quantities that are transformed. The world's present
production. of coal reaches in round numbers 500 millions of tons per annum or 1 ton per km.? of
the earth's surface. Transformed into carbonic acid, this quantity would correspond to about a
thousandth part of the carbonic acid in the atmosphere. It represents a layer of limestone of 0.003
millim. thickness over the whole globe, or 1.5 km.2in cubic measure. This quantity of carbonic
acid, which is supplied to the atmosphere chiefly by modern industry, may be regarded as
completely compensating the quantity of carbonic acid that is consumed in the formation. of
limestone (or other mineral carbonates) by the weathering or decomposition of silicates. From the
determination of the amounts of dissolved substances, especially carbonates, in a number of rivers
in different countries and climates, and of the quantity of water flowing in these rivers and of
their drainage-surface compared with the land-surface of the globe, it is estimated that the
guantities of dissolved carbonates that are supplied to the ocean in the course of a year reach at
most the bulk of 3 km.®> Asit is also proved that the rivers the drainage regions of which consist
of silicates convey very unimportant quantities of carbonates compared with those that flow
through limestone regions, it is permissible to draw the conclusion, which is also strengthened by
other reasons, that only an insignificant part of these 3 km.* of carbonates is formed directly by
decomposition of silicates. In other words, only an unimportant part of this quantity of carbonate
of lime can be derived from the process of weathering in ayear. Even though the number given
were on account of inexact or uncertain assumptions erroneous to the extent of 50 per cent. or
more, the comparison instituted is of very great interest, as it proves that the most important of all
the processes by means of which carbonic acid has been
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removed from the atmosphere in all times, namely the chemical weathering of siliceous minerals,
is of the same order of magnitude as a process of contrary effect, which is caused by the
industrial development of our time, and which must be conceived of as being of a temporary
nature.

"In comparison with the quantity of carbonic acid which is fixed in limestone (and other
carbonates), the carbonic acid of the air vanishes. With regard to the thickness of sedimentary
formations and the great part of them that is formed by limestone and other carbonates, it seems
not improbable that the total quantity of carbonates would cover the whole earth's surface to a
height of hundreds of metres. If we assume 100 metres, - a number that may be inexact in a high
degree, but probably is underestimated,-we find that about 25,000 times as much carbonic acid is
fixed to lime in the sedimentary formations as exists free in the air. Every molecule of carbonic
acid in this mass of limestone has, however, existed in and passed through the atmosphere in the
course of time. Although we neglect all other factors which may have influenced the quantity of
carbonic acid in the air, this number lends but very slight probability to the hypothesis, that this
quantity should in former geological epochs have changed within limits which do not differ
much from the present amount. As the process of weathering has consumed quantities of
carbonic acid many thousand times greater than the amount now disposable in the air, and as this
process from different geographical, climatological and other causes has in all likelihood
proceeded with very different intensity at different epochs, the probability of important
variations in the quantity of carbonic acid seems to be very great, even if we take into account
the compensating processes which, as we shall see in what follows, are called forth as soon as,
for one reason or another, the production or consumption of carbonic acid tends to displace the
equilibrium to any considerable degree. One often hears the opinion expressed, that the quantity
of carbonic acid in the air ought to have been very much greater formerly than now, and that the
diminution should arise from the circumstance that carbonic acid has been taken from the air and
stored in the earth's crust in the form of coal and carbonates. In many cases this hypothetical
diminution is ascribed only to the formation of coal, whilst the much more important formation
of carbonates iswholly overlooked. This whole method of reasoning on a continuous diminution
of the carbonic acid in the air loses all foundation in fact, notwithstanding that enormous
quantities of carbonic
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acidin the course of time have been fixed in carbonates, if we consider more closely the
processes by means of which carbonic acid has in all times been supplied to the
atmosphere. From these we may well conclude that enormous vari ati ons have occurred, but
not that the variation has al ways proceeded i n the same di r ecti on.

"Carbonic acid is supplied to the atmosphere by the following processes :-(1) vol canic
exhal ations and geological phenomena connected therewith ; (2) combustion of carbonaceous
meteorites in the higher regions of the atmosphere; (3) combustion and decay of organic
bodies; (4) decomposition of carbonates ; (5) |iberati on of carbonic acid mechanically i nclosed
in minerals on their fracture or decomposition. The carbonic acid of the air is consumed
chiefly by the following processes :-(6) formation of carbonates from silicates on weathering ;
and (7) the consumption of carbonic acid by vegetati ve processes. T he ocean, too, plays an
important role as a regulator of the quantity of carbonic acid in the air by means of the
absor ptive power of its water, which gives off carbonic acid as its temperature rises and
absorbs it as it cools. The processes named under (4) and (5) are of little significance, so
that they may be omitted, so too the processes (3) and (7), for the circulation of matter in the
organic world goes on so rapidly that their variations cannot have any sensible influence.
From this we must except periodsin which great quantities of organisms were stored up in
sedimentary formations and thus subtracted from the circulation, or in which such stored-up
products wer e, as now, introduced anew into the circulation. The source of carbonic acid
namedin (2) iswholly incalcul able.

"Thus the processes (1), (2), and (6) chiefly remain as balancing each other. As the enormous
quantiti es of carbonic acid (representing a pressure of many atmospheres) that are now fixed in
the limestone of the earth's crust cannot be conceived to have existed in the air but as an
insignificant fraction of the whol e at any one time since organic life appeared on the globe,
and since therefore the consumption through weathering and formation of carbonates must
have been compensated by means of continuous supply we must regard volcani c exhalations as
the chief source of carbonic acid for the atmosphere.

"But this source has not flowed regularly and uniformly. Just as single vol canoes have
their periods of variation with aternating relative rest and intense activity, in the same
manner the globe as a whole seems in certain geol ogical epochs to have exhibited a more
violent and general volcanic
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activity, whil & other epochs have been marked by a compar ai ve quiescence of the vol canic
for ces. It seemstherefore pr obable that the quantity of carbonicacidin thea r hasunder gone nearly
sImultaneousvar i ai ons or at least thet thi sfactor hashad ani mportant influence
"I'f we pass the above-menti oned processes for consuming and producing carbonic acid under
review, we find thet they evidently do not dand in such ardation to or degpendenceon one
another that any probability exigsfor thepermanenceof anequilibrium of thecarbonicadd
in theamosphere. Anincreaseor decrease of the supply continued during geol ogi cal peiods mu 4,
athough it may not beimportant, conduce, to remarkable dterations of the quantity of carbonic acid in the
air, and there is no conceivable hindrance to imagining that this might in a certai n geologica period have
been severd timesgr eter, or ontheother hand consderably less, than now.”
Asthequestionof theprobability of quantitativevariation of thecarbonicacidin theamosphereisin
the most deci ded manner answer ed by Pr of . Hogbom, ther eremainsonly onecther point to which
wish todrawattention in afevwords namely : Has no one hitherto proposed any acceptabl e ex-
planaion for the occurrence of genid and glacid periods? Fortunately, during the progress of the
foregoing cd cul ati ons, a memoir was published by the didinguished Itdian meteorologig L. De
Mar chi which rdieves mefromanswvering the last quedion*. e examined in deal the different
theories hitherto proposed-astronomical, physicd, or geographicd, and of these here give a short
resume. Thesetheoriesassrt that the occurrence of genid or glacid epochs should depend on
oneor other change in thefol lowi ngci rcumstances:

() Thetemperatureof theearth'splacein space.

(2) Thesun'sradi ati on totheearth (solar constant),

(3) Theabliquity oftheeath'saxistotheediptic.

(4) T he pod tion of thepolesontheearth'ssur f ace

(50 Theformof theearth'sorbi t, especidly itseccentricity (Croll).

(6) The shgpeand extenson of continentsand oceans.

(7) Thecoveringof theear th'ssurf ace (v egetati on).

(8) Thedirection of theoceani candaerid currents.

(99 Thepodtionof theequinoxes
DeMarchi arrives atheconclud on that all these hypothesssmu g bergected (p. 207). Ontheother
hand, heisof the

* Luigi De Marchi : Le cause dell'era glaciale premiato dal R.Istiu to Lombardo, Pavia,
1895.
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opinion tha a change in the transparency of the amosphere would possibly give the desred efect.
Accordingtohis cd cul aions, "alowering of thistrans arency would effect alowering of thetemperature
on thewhole earth, dight in the equatorid regions, and increasing with the lati tude i nto the 70th pardld,
nearer thepolesagain alittl e less Further, thislowering would, in non-tropicd regions, be less on the
conti nentsthan ontheocean and would diminish the annua ver i ati onsof the temperature. T his diminution
of the air's trangparency ought chi efly to be attributed to a greater quantity of aqueousvagpour in theair,
which would cause not only adirect cooling but dso copious precipitation of water and snow on the
conti nents. Theorigin of this greater quantity of water-vapour isnot easy to explain." DeMarchi hasarrived
a whally other results than mysdlf, because he has not sufficiently consdered the important qudity of
s ective absorption which is possessed by agueous vapour. And, further, he bas forgotten thet if
agqueous vapour issupplied totheamosphere itwill becondensed till theformer condition isreeched, if
no cther changehastaken place. As we have seen, the mean reative humidity between the 40th and 60th
pard e s on the northern hemigphere is 76 per cent. If, then, the mean temperature sank from its actud
vdue+53by4 5 C,i.eto+13o0r +03,and the aqueous vapour remained in thear, therdaive
humidity woul d increaseto 101 or 105 per cent. Thisisof courseimpossble, for the rdati ve humidity
cannot exceed 100 percentinthefreeair. A fortiori it isimpossble to assumethat the absol ute humidity
could havebeen grester than nowin theglacid epoch.

Asthehypothessof Croll dill seemstoenjoy acertain favour with English geol ogi s, it may not be
without interest to cite the utterance of De Marchi on this theory, which he, in accordance with its
i mportance, hasexamined morein detail than theothers Hesays and entirdy agreewith him onthis
point- "Now think may conclude that from the point of view of climatology or meteorology, in the
present sate of these sciences, the hypothess of Croll seems to be wholly untenable aswel in its
principlesasin itsconsequences' *.

It ssemsthat the great advantage which Crall'shypothes spromised to geologidts, viz. of giving them a
naturd chronol ogy, predi posedthem in favour of itsacceptance. But thisdrcumsance, which at first
appear ed adv antageous, ssemswi ththeadvanceof i nvedigdion raher tomilitate

* De Marchi, |, c. p. 166.
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against the theory, because it becomes more and more impossible to reconcile the
chronology demanded by Croll's with the facts of observation.

| trust that after what has been said the theory proposed in the foregoing pages will prove
useful in explaining some points in geological climatology which have hitherto proved
most difficult to interpret.

ADDENDUM?*.

Asthe nebulosity is very different in different latitudes, and a so different over the sea and
over the continents, it is evident that the influence of a variation in the carbonic acid of
the air will be somewhat different from. that cal culated above, where it is assumed that the
nebulosity is the same over the whole globe. have therefore estimated the nebul osity at
different latitudes with the help of the chart published by Teisserenc de Bort, and
cal cul ated the foll owing tabl e for
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the value of the variation of temperature, if the carbonic acid decreases to 0.67 or increases to 1.5
times, the present quantity. In the first column is printed the latitude; in the second and third the
nebulosity over the continent and over the ocean; in the fourth the extension of the continent in
hundredths of the whole area. After this comes, in the fifth and sixth columns, the reduction factor
with which the figures in the table are to be multiplied for getting the true variation of temperature
over continents and over oceans, and, in the seventh column, the. mean of both these correction
factors. In the eighth and ninth columns the temperature variations for K=0'67, and in the tenth and
eleventh the corresponding values for K=1.5 are tabul ated.

The mean value of the reduction factor , of equator is for the continent (to 70° N. lat.) 1098 and for the
ocean 0927, in mean 0.996.  For the southern hemisphere (to 60" S. lat.) it is found to be for the
continent 1.095, for the ocean 0871, in mean 0.907. The influence in the southern hemisphere will,
therefore, be about 9 per cent. less than in the northern. In consequence of the minimum of nebulosity
between 20" and 30° latitude in both hemispheres the maximum effect of the variation of carbonic acid is
displaced towards the equator, so that it falls at about 25 latitude in the two cases of K=0'67 and K=15.
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