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XXXI. On the Influence of Carbonic Acid in the Air upon the Temperature of the Ground. By
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 † 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 :
Is the mean temperature of the ground in any way influenced by the presence of heat-absorbing gases
in the atmosphere ? Fourier‡ maintained that the atmosphere acts l ike 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 Pouil let § ; 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 Royal Swedish Academy of Sciences, 11th December, 1895.  Communicated
by the Author. †' Heat a Mode of Motion,' 2nd ed. p. 405 (Lond., 1865).
‡Mém � ����� ���	 ��� ��
 ����� ���� � 
 � ��� � � � � � � 
 � � �� t, vii. 1827. � � � � � � �� � � � � 
 � � � �� t, vii. p. 41
(1838).
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Thi s vi ew, whi ch was founded on too wi de a use of  Newton's l aw of  cool i ng, must be
abandoned, as Langl ey hi msel f  i n a l ater memoi r showed that the ful l  moon, whi ch certai nl y does
not possess any sensi bl e heat absorbi ng atmosphere, has a " mean ef fecti ve temperature"  of  about
45°  C.†

The ai r retai ns heat ( l i ght or dark) i n two di f f erent ways. On the one hand, the heat suf fers a
sel ecti ve di f f usi on on i ts passage through the ai r; on the other hand, some of  the atmospheri c
gases absorb consi derabl e quanti t i es of  heat.  These two acti ons are very di f f erent.  The sel ecti ve
di f f usi on i s extra ordi nari l y great f or the ul tra-viol et rays, and di mi ni shes conti nuousl y wi th
i ncreasi ng wave-l ength of  the l i ght, so that i t i s i nsensibl e f or the rays that f orm the chief  part of
the radiati on f rom a body of  the mean temperature of  the earth ‡.

*  Langley, `Professional Papers of the Signal Service,' N0. 15." Researches on Solar Heat," p. 123
(Washington, 1884).

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

‡ Langley, ` Prof . Papers,' No. 15, p. 151.  I  have tried to calculate a formula for the value
of  the absorption due to the selecti ve ref lexion as determined by Langley Among the
di f ferent formulae examined, the fol lowing agrees best wi th the experimental  resul ts :

log a = b (1/� ) +c (1/ � )� .

I  have determined the coef f icients 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 � )  af ter i t has entered
wi th the strength 1 and passed through the ai r-mass 1. The close agreement wi th experiment
wi l l  be seen f rom the fol lowing table:-
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i n the Ai r  upon the Temper atur e of  the Gr ound.

The sel ect i ve absorpt i on of  t he -atmosphere i s, according to the researches of Tyndal l , Lecher
and Pernter,' Montgen, Hei ne, Langl ey, Angstrom, Paschen, and others * , of  a whol l y di f f erent
ki nd. I t i s not exerted by the chief  mass of the ai r, but i n a hi gh degree by aqueous vapour and
carboni c acid, whi ch are present i n the ai r i n smal l  quanti t i es. Further, thi s absorpti on i s not
conti nuous over the whol e spectrum, but nearl y i nsensi bl e in the l i ght part of  i t , and chi ef l y
l i mi ted to the long-waved part, where i t mani fests i tsel f  i n very wel l -def i ned absorption-bands,
whi ch fal l  of f  rapidl y on both sides †. The i nf l uence of  thi s absorpti on i s comparati vel y smal l
on the heat f rom the sun, but must be of  great i mportance i n the transmi ssi on of  rays f rom the
earth. Tyndal l  held the opi nion that the water-vapour has the greatest i nf l uence, whi l st other
authors, f or i nstance Lecher and Pernter, are i ncl i ned to thi nk that the carboni c aci d. plays the
more i mportant part. The researches of  Paschen show that these gases are both very ef f ecti ve,
so that probabl y someti mes the one, someti mes the other, may have the greater ef f ect accordi ng
to the circumstances.
I n order to get an i dea of  how strongl y the radi ati on of  the earth (or any other body of  the
temperature +15°C.) i s absorbed by quanti ti es of  water-vapour or carboni c acid i n the
proporti ons i n which these gases are  present i n our atmosphere one should str i ct l y speaking
arrange experi ments on the absorpti on of  heat from a body at 15º by means of  appropri ate
quanti t i es of  both gases.  But such experi ments have not been made as yet, and, as they woul d
requi re very expensi ve apparatus beyond that at my di sposal , I  have not been i n a posi t i on to
execute them Fortunatel y there are other researches 1)y Langl ey i n hi s work on `The
Temperature

For ul tra-violet rays the absorption becomes extremel y great i n accordance wi th facts.
As one may see f rom the probable errors which I  have placed alongside for the least concordant
values and al so for one value (1.50 � ), where the probable error i s extremel y smal l , the di f ferences
are j ust of  the magni tude that one mi ght expect i n an exactl y f i tti ng formula.  The curves for the
formula and for the experimental  val ues cut each other at four points (1/� =2.13, 1.88, 1.28, and
0.82 respecti vel y). From the formula we may esti mate the value of  the selecti ve ref l exion for those
parts of  the spectrum that prevai l  i n the heat f rom the moon and the earth (angle of  deviation=38 -
36° , �  =10.4-24.4 � ).  We f i nd that the absorption f rom thi s cause varies between 0.5 and 1 p. c. for
ai r-mass 1.
This i nsensible action, which i s whol l y covered by the experimental  errors, I  have neglected in the
fol l owing calculati ons.

*  V ide Winkel mann, Handouch der Physik
† Cf ., e. g., Trabert, Meteorologishe 2eitschrift, Bd, i i , p. 238 (18J4).
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of  the M oon,' wi th the ai d of  whi ch i t  seems not i mpossi bl e to determi ne the
absorpt i on of  heat by aqueous vapour and by carboni c aci d preci sel y the condi t i ons
whi ch occur i n our atmosphere. He has measured the radi at i on of  the f ul l  moon ( i f  the
moon was not f ul l , the necessary correct i on rel at i ve to thi s poi nt was appl i ed) at
di f f erent hei ghts and seasons of  the year. Thi s radi at i on was moreover di spersed i n
a spectrum, so that i n hi s memoi r  we f i nd the f i gures f or  the radi ant heat f rom the
moon f or  21 di f f erent groups of  rays, whi ch are def i ned by the angl e of  devi at i on wi th
a rocksal t  pr i sm havi ng a ref ract i ng angl e of  60 degrees. The groups l i e between the
angl es 40°  and 35° , and each group i s separated f rom i ts nei ghbours by an i nterval  of
15 mi nutes. Now the temperature of  the moon i s near l y the same as that of  the
earth, and the moon-rays have, as they arr i ve at the measur i ng-i nstruments, passed
through l ayers of  carboni c aci d and of  aqueous vapour of  di f f erent  thi ckness
accordi ng to the hei ght of  the moon and the humi di ty of  the ai r . I f , then, these
observat i ons were whol l y  comparabl e wi th one another, three of  them woul d suf f i ce
f or cal cul at i ng the absorpt i on coef f i ci ent rel at i vel y to aqueous vapour and carboni c
aci d f or  any one of  the 21 di f f erent groups of  rays. But , as an i nspect i on of  the 24
di f f erent ser i es of  observat i ons wi l l  readi l y show, thi s i s l ot  the case. The i ntensi ty of
radi at i on f or  any group of  rays shoul d al ways di mi ni sh wi th i ncreasi ng quant i ty of
aqueous vapour or  carboni c aci d traversed. Now the quant i ty of  carboni c aci d i s
proport i onal  to the path of  the ray through the atmosphere, that  i s, to the quant i ty
cal l ed "  A i r -mass "  i n L angl ey's f i gures. A s uni t  f or  the carboni c aci d we
theref ore take ai r -mass =1, i .e. the quant i ty of  carboni c aci d that i s t raversed i n the
ai r  by a ver t i cal  ray. The quant i ty of  aqueous vapour traversed i s propor t i onal  part l y
to the "  ai r -mass,"  par t l y to the humi di ty, expressed i n grammes of  water  per cubi c
metre. A s uni t  f or  the aqueous vapour I  have taken the quant i ty of  aqueous vapour
that i s t raversed by a ver t i cal  ray, i f  the ai r  contai ns 10 grammes per cubi c met re at
the earth's sur f ace* .  I f  we tabul ate the 24 ser i es of  observat i ons publ i shed by
L angl ey i n the work ci ted wi th respect to the quant i t i es of  carboni c aci d and aqueous
vapour , we i mmedi atel y detect that hi s f i gures run very i r regul ar l y, so that very many
except i ons are f ound to the rul e that the transmi t ted heat shoul d cont i nuousl y
decrease when both these quant i t i es i ncrease.

*  This unit nearly corresponds to the mean humidity of the air (see Table VI. p. 264).
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And i t seems as i f  periodic al terations wi th the time of observation occurred in his series, On
what ci rcumstance these al terations wi th the time depend one can only make vague conjectures :
probably the clearness of the sky may have al tered wi thin a long period of observation, al though
this could not be detected by the eye. In order to el iminate this i rregular variation, I  have
divided the observations into four groups, for which the mean quanti ties 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 rays in
these four groups of observations, I  have roughly calculated the absorption coef f icients (x and y)
for both gases, and by means of these reduced the value for each observation to the value that i t
would have possessed i f  K and W had been 1.5 and 0.88 respectively. The 21 values for the
di f ferent rays were then summed up, so that I  obtained the total  heat-radiation for every series of
observations, reduced to K=1.5 and W=0.88. I f  the materials of observation were very-
regular, the f igures for this total  radiation should not  di f fer 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 i f  the observations were made at very di f ferent times, the values di f fer also general ly
very much. For the fol lowing periods I  have found the corresponding mean values of the total
radiation :

In order to reduce the f igures of Langley to comparabi l i ty wi th one another, I  have appl ied the
reduction factors tabulated above to the observations made in the respective periods. I  have
convinced mysel f  that by this mode of working no systematic error is introduced into the fol lowing
calculations.
Af ter this had been done, I  rearranged the f igures of Langley's, groups according to the values of
K and W in the fol lowing table. (For further detai ls see my original  memoir.)
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In this table the angle of deviation is taken as head-ti tle. After K and W stand the quanti ties of
carbonic acid and water-vapour traversed by the ray in the above-mentioned uni ts. 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 I I .
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, I  give the fol lowing table. (The common
logari thms of  the absorption-coefficients are tabulated.)

TABLE I I . -Absor pt i on-Coef f i ci ents of  Car boni c Aci d ( .2• )  and Aqueous Vapour  (y) ,

The signi f ication of these f igures may be i l lustrated by an example. I f a ray of heat,
corresponding to the angle of deviation 39'-45, passes through the unit of carbonic acid, i t de-
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creases in i ntensi ty i n the proportion 1 : 0.934 (log= -0.02916), the corresponding value
for the uni t of  water-vapour is 1 : 0.775 (log= -0.1105). These f i gures are of  course only
val id for the ci rcumstances in which the observations were made, viz., that the ray
should have traversed a quanti ty of  carbonic acid K=1.1 and a quanti ty of  water-vapour
W = 0.3 before the absorption in the next quanti ties of  carbonic acid and water-vapour
was observed and these second quanti ties 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=2.2,
and W=0.3 and W=2.1 (the numbers for K  and W are a l i ttle di f ferent for rays of
di f ferent hind).  Below A is wri tten the relative value of  the intensi ty of  radiation for a
given kind of  ray in the moonl ight af ter i t has traversed K=1 and W=0.3. In some cases
the calculation gi ves posi ti ve values for log x or log y. As this is a physical  absurdi ty (i t
would signi fy that the ray should be strengthened by i ts passage through the absorbing
gas), I  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  thi s value calculated
the absorption coef f icient of  the other gas, and thereaf ter also A.

As wi l l  be seen f rom an inspection of  Table I ., the values of  i  obs. agree in most cases
pretty wel l  wi th the calculated values i  calc. But in some cases the agreement is not so
good as one could wish.  These cases are mostl y characterized by a smal l  "  weight"  G, that
is in other words, the material  of  observation i s in these cases relati vel y insuf f icient. These
cases occur also chief l y for such rays as are strongly absorbed by water-vapour.  This ef fect
is probably owing to the ci rcumstance that the aqueous vapour in the atmosphere, which is
assumed to have varied proportional l y to the humidi ty at the earth's surface, has not always
had the assumed ideal  and uni form distribution wi th the height.  From observations made
during bal loon voyages, we know also that the distribution of  the aqueous vapour may be
very i rregular, and di f ferent f rom the mean ideal  distribution. I t i s also a marked feature
that i n some groups, for instance the thi rd, nearl y al l  the observed numbers are less than the
calculated ones, whi le i n other groups, for instance the fourth, the contrary is the case.  This
ci rcumstance shows that the di vision of  the stati stic material  i s carried a l i ttle too far; and a
combination of  these two groups would have shown a close agreement, between the
calculated and the observed f i gures. As, however., such a combination is wi thout
inf luence on the correctness of  the calculated absorption-coef f icients, I  have omi tted
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a rearrangement of  the f i gures i n greater groups, wi th consequent recal cul at i on.
A  ci rcumstance that argues very greatl y i n f avour of  the opi ni on that the absorpt i on-
coef f i ci ent gi ven i n Tabl e I I . cannot contai n great errors, i s that so very f ew
l ogari thms have a posi t i ve val ue. I f  the observati ons of  L angl ey had been whol l y
i nsuf f i ci ent, one woul d have expected to f i nd near l y as many posi t i ve as negat i ve
l ogari thms. Now there are onl y three such cases, vi z., f or carboni c aci d at an angl e of
40° , and f or water-vapour at the angl es 36° .45 and 36° .15. The observat i ons f or 40°  are
not very accurate, because they were of  l i t t l e i nterest to L angl ey, the correspondi ng
rays not bel ongi ng to the moon's spectrum but onl y to the di f f used sunl i ght f rom the
moon.  A s these rays al so do not occur to any sensi bl e degree i n the heat f rom a body
of  15°  C., thi s non-agreement i s wi thout i mportance for  our probl em. The two posi t i ve
val ues f or the l ogari thms bel onging to aqueous vapour are qui te i nsi gni f i cant. They
correspond onl y to errors of  0.2 and 1.5 per cent. f or  the absorpt i on of  the quant i ty
W=1 , and f al l  whol l y i n the range of  exper i mental  errors.
I t i s certai nl y not devoi d of  i nterest to compare these absorpt i on-coef f i ci ents wi th the
resul ts of  the di rect observat i ons by Paschen and A ngstrom* . I n maki ng thi s
compari son, we must bear in mind that an exact agreement cannot be expected, f or the
si gni f i cat i on of  the above coef f i ci ents i s rather unl i ke that of  the coef f i ci ents that are
or may be cal cul ated f rom the observat i ons of  these two authors. The above
coef f i ci ents gi ve the rate of  absorpt i on of  a ray that has traversed quanti t i es of
carboni c aci d (K =1.1) and water-vapour (W =0.3);  whi l st  the coef f i ci ents of  Paschen
and A ngstrom represent the absorpti on exper i enced by a ray on the passage through
the f i rst  l ayers of  these gases. I n some cases we may expect a great di f f erence between
these two quanti t i es, so that onl y a general  agreement can he l ooked f or.
A ccordi ng to Paschen's f i gures there seems to exi st  no sensi bl e emi ssi on or
absorpti on by the aqueous vapour at wave-l engths between 0.9�  and 1.2�
(correspondi ng to the angl e of  devi at i on 40° ). On the other hand, the
representat i on of  the sun's spectrum by L angl ey shows a great many

*  Paschen, Wied. Ann. 1, p. 409,1803;  l i .  p.  1,  l i i .  p.  2C9, and lii i . p. 334, 1894,
especially vol. l. tab. ix. fig. 6, curve 1 for carbonic acid, curve 2 for aqueous vapour, Angstrom,
Bihang ti l l K . Vet .-Ak. Handl i ngar ,  Rd. xv. Md. 1, No. 9, p.  16, 1889;  Ofver si gt  af
K. Vet .-Ak, For handl .  1889, No. 9, P. 553
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strong absorption-bands i n thi s i nterval , among whi ch those marked �  �  �  and �  are the
most promi nent* , and these absorption-bands belong most probabl y to the aqueous
vapour, That Paschen has not observed any emi ssi on by water-vapour i n thi s i nterval
may very wel l  be accounted for by  the fact that hi s heat-spectrum had a very smal l
i ntensi ty f or these short-waved rays. But i t  may be conceded that the absorption-
coef f i cient f or aqueous vapour at thi s angl e i n Tabl e I I  i s not very accurate (probabl y
too great), i n consequence of  the l i tt l e i mportance that Langl ey attached to the
correspondi ng observati ons. A f ter thi s occurs i n  Langl ey’ s spectrum the great
absorption-band �  at the angl e, 39.45 (� =1-4 � ), w h e r e  i n Paschen's curve the
emi ssi on f i rst becomes sensi bl e ( l og y = -0-1105 i n Tabl e I I .) . A t wave-l engths of
greater val ue we f i nd accordi ng to Paschen strong absorption-bands at �  =1.83 �  (�  i n
Langl ey's spectrum), i .e. i n the nei ghbourhood of  39°.30 and at �  =2.64 �  (Langl ey's X )
a l i tt l e above ti l e angl e 39° .15.  I n accordance wi th thi s I  have found rather l arge
absorption-coef f i cients f or aqueous v ap our at, these angl es ( l og y = -0.0952 and

-0.0862 resp.).  From �  = 3.0 �  to �  = 4.7 �  thereaf ter, accordi ng to Paschen ti l e
absorption i s very smal l , i n agreement wi th my cal cul ati on ( l og y =-0.0068 at 39°,
correspondi ng to �  = 4.3 � ) .  From thi s poi nt the absorption i ncreases agai n and
presents new maxi ma, a t �  =  5 .5  � ,  �  =  6. 6 �   and �  = 7.7 � , i .e. i n the vi ci ni ty of
the angl es 3 8 ° .4 5  ( �  = 5 -6  � )  a n d  3 8 ° . 3 0  ( �  = 7 -1  � ) . I n thi s region the
absorption of  the water-vapour i s cont i n u o u s over the whol e i nterval , i n consequence
of  which the great absorpti on-coef f i ci ent i n thi s part ( l og y = -0.3114 and -0.2362)
becomes i ntel l i gibl e. I n consequence of  the decreasi ng i ntensi ty of  the emi ssi on-
spectrum of  aqueous vapour i n Paschen's curve we cannot pursue the detai l s of  i t
cl osel y, but i t  seems as i f  the emi ssi on of  the water woul d al so be consi derabl e at �
=8'7 �  (39°.15), whi ch corresponds wi th the great absorpti on-coef f i ci ent ( l o g  y = -
0 . 3 1 1 4 ) at thi s Place.  The observations of  Paschen are not extended further endi ng
at �  = 9.5 � , whi ch. corresponds to an angl e of  39° .08. For carboni c acid we f i nd at f i rst
the val ue zero at 40° , i n agreement wi th the f i gures of  Paschen and Angstrom † the
absorption of  carboni c acid f i rst assumes a sensi bl e val ue 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. czl vi , p. 200, 1872).
†It must be remembered that at thi s poi nt the spectrum of Paschen was very weak, so that the
coincidence with his figure way be accidental,
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� =1.5 � , after which it increases rapidly to a maximum at � =2.6 � , and attai ns a new ex tr aord i nar y  strong
maxi mum at �  =4-6 (L angley 's Y). According to A ngstr om the absorption of  car boni c aci d is zer o at � =0.9 � , and
v er y weak  at �  =1-69 � , af ter  which it increases continuously to �  =4.6 �   and decreases agai n to �  = 6-0 �   This behaviour
is entirely i n agreement wi th the val ues of  log x in Table II From the value zero at 40º (�   = 1.0 � ) it attains a sensi b l e
val ue ( -0.0296) at 39°.45 (� =1.4 � ) , and ther eaf ter  gr eater and greater values ( - 0.0559 at .39º.30, and –0.1070 at
39°.15) till it reaches a considerable  maximum (-0.3412 at 39°, � =4.3 � ). A f ter thi s point the  absorpti on decr eases (at
38°.45 = 5.6 �  log x=  -0.2035).  Accordi ng to Tabl e 		. the absorption of car boni c acid at 38°.30 and 38°.15 (�  = 7.1 �
and 8-7 � ) has ver y  gr eat val ues(l og x = -0.2438 and –0.3730), whil st according to Angstrom, it shoul d be insensible.
This behaviour may  be connected w i th the fact that Angstr om's spectrum had a very smal l  intensity for the lar ger
wav elengths. In Paschen' s curve the r e  ar e  traces of a continuous absorption by the carboni c aci d in thi s whole
regi on wi th weak  maxima at � = 5.2 � , � = 5.9 � , � = 6.6 �  (possi bl y due to traces of  water-vapour ), � =8.4 � , and
� =8.9 � .  In consequence of  the str ong absorption of water-vapour in this region of the spectrum, the intensi ty  of
radiation was ver y  small in Langley's observations, so that the cal culated absorption-coefficients ar e  ther e  not ver y
exact (cf. abov e) pp. 242-243). Possi bl y  the  cal cul ated absor pti on of  the carbonic acid may have come out too
gr eat, and that of  the water-vapour too small i n thi s par t (between 38°.30 and 38°.0). This can happen the more
easi l y , as i n T abl e 	. 
  and W  i n general i ncr ease together because they  are both proportional to the "ai r -mass."
It may be poi nted out that thi s  al so occur s  i n the  pr obl ems that are treated bel ow , so that the er r or  from this
cause is not of  so gr eat importance as one might think at the fir st v i ew.

For angl es gr eater  than 38° (�  >9-5 � ) we possess no di r ect obser v ati ons of  the emission or  absorpti on of  the two
gases.  The sun's spectr um, accor di ng to Langl ey , exhibits very great absorption-bands at about 37°.50, 37°.25, 37°, and
36°.40°. Accor d i ng  to  my  calculations the  aqueous vapour has its gr eatest absor bi ng power  i n the spectrum from
38° to 35° at  angl es between 37°.15 and 37°.45 (the figures for  35°.45, 35°.30, and 35.15 ar e  ver y  uncer tai n,  as
they  depend  upon ver y  few measurements), and the car boni c aci d between 36°.30 and 37°.0.  T hi s seems to
i ndicate that the  fir st two absorption-bands  ar e  due to the acti on of  water-
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vapour the last two to that of  carbonic acid.  It shoul d be emphasized that Langley has applied the greatest
di l i gence i n the measurement or the i ntensi ty of  the moon's radi ati on at angl es between 36° and 38°,
where thi s radi ation possesses its maximum intensity.  It may, therefore, be assumed that the calcul ated
absorption-coefficients for this part of  the spectrum are the  most exact.

		. The Total Absorption by Atmospheres of Varying Compositions

As we have now determi ned, i n the manner descri bed, the values of  the absorption-coefficients for all
kinds of  rays, it wi l l  wi th the help of  Langl ey's figures † be possible to calculate the f racti on of  the heat
from a body at 15° C. (the earth) whi ch i s absorbed by an atmosphere that contai ns specified quantities of
carboni c acid and water-vapour. To begin wi th, we wi l l  execute this calculation with the values 
 =1 and.
W= 0.3. we take  that ki nd of ray for whi ch the best determinations have been made by Langley and this
lies in the midst of the most important part of  the radiation (37º). For this penci l  of rays we fi nd the intensity
of  radi ati on at K=1 and W=0.3 equal to 62.9; and wi th the help of  the absorption-coefficients we cal cul ate
the intensity for K=0 and W=0, and find i t equal to 105.  Then we use Langl ey's experiments on the spectral
di str i bution of  the radi ation from a body of  15° C., and calculate the i ntensi ty f or all other angl es of
devi ation. These intensities are given under the heading M.  After this we have to calculate the val ues for
K=1 and W=0.3 For the an gl e 37º  we know it to be 62.9. For any other angl e we coul d take the val ues
�  from Tabl e II. i f  the moon were a body of  15° C.  But a calculation of the figures of Very ‡ shows that the
full  moon has a hi gher temperature, about 100° C.  Now the spectral distribution is nearl y, but not quite, the
same for the heat from a body of  15° C. and for that f rom one of  100° C.  Wi th the hel p of  Langl ey's
figures it is, however, easy to reduce the i ntensi ti es for the hot body at 100° (the moon) to be val i d for a
body at 15°

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

† ‘Temperature of the Moon,' plate 5.
‡ "The Distribution of the Moon's Neat," Utrecht Society of Arts and Sc. The Hague, 1891.



. On the Influence of Carbonic Acid in the Air upon the Temperature of the Ground. By Prof. Svante Arrhenius

250

For angl es less than 37° one finds, in the manner above described, numbers that are a li ttle 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's is a littl e greater (6.8 per cent.) than i t woul d 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 a relatively 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 ays the important part, but rather the
diminution of  the value caused by increasing the quantities K and W. For compar i son it may be mentioned
that Langley has esti mated tile. quantity of  heat from the moon that passed through the  atmosphere (of  mean
composi tion) in hi s researches to be 38 per cent.*  As the mean atmosphere in Langley 's observations
corresponded wi th hi gher  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 rays than 	  have done.In accordance with Langl ey 's estimation,
we should expect for 
 =1 and W=O.3 a val ue of  about 44 i nstead of  37.2. How great an influence thi s
difference may exert wi l l  be investigated i n what foll ows.
The absorption-coefficients quoted in Table 	 	 . are vali d for  an interval of K between about 1.1 and 2.25, and for
W between 0.3 and 2.22 In thi s interval one may wi th the hel p of  those coefficients and the val ues of  �
given above, calculate the val ue of �  for another  value of  
  and W, and so in thi s way obtain by means of
summation the t o t al  heat t hat  passes t hr ough an atmosphere of  given condi ti on. For further cal cul ati ons 	
have al so computed val ues of  �  for  atmospheres that contain greater  quanti ties of  carbonic aci d and aqueous
vapour . These val ues must be considered as extrapol ated. In the following table (Table III.) 	  have gi ven
these values of  � .  The numbers printed i n italics are found directly i n the manager
*  Langl ey,  ‘ Temperat ure of the M oon, '  � .  197.
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described, those in ordinary type are interpolated f rom them wi th the help of  l 'oui l let's'
exponential  formulaThe table has two headings one which runs horizontally and represents the
quanti ty or aqueous vapour (W), and another that tuns vertical l y and represents the
quanti ty of  carbonic acid (K) in the atmosphere.

Qui te di f f erent   f rom thi s dark heat  i s the behavi our  of  the heat  f rom the Sun on
passi ng through new par ts of  the ear th's atmosphere.  The f i r st  par ts of  the
atmosphere exer t  wi thout  doubt  a sel ect i ve absorpt i on of  some ul t ra-red rays, but  as
soon as these are ex t i ngui shed the heat  seems not  to di mi ni sh as i t  t raverses new
quant i t i es of  the gases under  di scussi on. Thi s can easi l y  be shown f or  aqueous
vapour  wi th the hel p of  L angl eys act i nometr i c observat i ons f rom M ountai n Camp and
L one Pi ne i n Col orado* . These observat i ons were executed at  L one Pi ne f rom the
18th of  A ugust  to  6 t h 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.  A t  M ountai n Camp the observat i ons
were car r i ed out  f rom the 22nd to the 25th of  A ugust  at  the same t i mes of  the day,
except  that  onl y one observat i on was per f ormed i n the morni ng (at  8h 0m) .  I  have
di v i ded these observat i ons i nto two groups f or  each stat i on accordi ng to the
humi di ty  of  the ai r .  I n the f ol l owi ng l i t t l e tabl e are quoted, f i r st  the pl ace of
observat i on,  af ter  thi s under  D the mean date of  the observat i ons (A ugust  1882) ,
under  W the quant i t y  of  water , under  I  the radi at i on observed by means of  the
act i nometer , under  I 1 the second observat i on of  the same quant i t y .

*  Langley, ‘Researches on Solar heat’  pp. 94, 98, and 177.
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At a very low humidi ty (Mountain Camp) i t i s evident that the absorbing power of the
aqueous vapour has an inf luence, for the f igures for greater humidi ty are (wi th an
insigni f icant exception) inferior to those for less humidi ty.  But for the observations from
Lone Pine the contrary seems to be true. I t is not permissible to assume that the radiation
can be strengthened by i ts passage through aqueous vapour, but the observed ef fect must
be caused by some secondary ci rcumstance.  Probably the ai r i s in general  more pure i f
there is more water-vapour in i t than i f  there is less.  The selective di f fusion diminishes in
consequence of this greater puri ty, and this secondary ef fect more than counterbalances the
insigni f icant absorption that the radiation suf fers from the increase of the water-vapour.
I t is noteworthy that Elster and Gei tel  have proved that invisible actinic rays of very high
refrangibi l i ty traverse the ai r much more easi ly i f  i t i s humid than i f  i t i s dry. Langley's
f igures demonstrate meanwhi le that the inf luence of aqueous vapour on the radiation from
the sun is insensible as soon as i t has exceeded a value of about 0.4.
Probably the same reasoning wi l l  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* . I t i s, therefore justi f iable
to assume that the radiation from the sun suf fers no appreciable diminution i f  K and  W
increase from a rather insigni f icant 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 ai r be, for instance, the same as now (K=1 for vertical  rays), and the quanti ty 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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verti cal  rays).  Then the vert i cal  rays f rom the earth traverse the quanti t i es K  =1 and
W =1; rays that escape under an angl e of  30°  wi th the hor i zon (ai r -mass=2) traverse
the quant i t i es K  = 2, W = 2; and so for th.  The di f f erent rays that emanate f rom a
poi nt of  the earth's surface suf f er, therefore, a di f f erent absorpt i on-the greater, the
more the path of  the ray decl i nes f rom the verti cal  l i ne.  I t may then be asked how
l ong a path must the total  radi at i on make, that the absorbed f racti on of  i t  i s the same
as the absorbed f racti on of  the total  mass of  rays that emanate to space i n di f f erent
di recti ons.  For the emi t ted rays we wi l l . suppose that the cosi ne l aw of  L ambert
hol ds good.  Wi th the ai d of  Tabl e I I I . we may cal cul ate t i l e absorbed f ract i on of  any
ray, and then Sum up the total  absorbed heat and determi ne how great a f racti on i t  i s
of  the total  radi at i on.  I n thi s way we f i nd f or our exampl e the path (ai r -mass) 1.61.
I n other words, the total  absorbed part of  the Whol e radi at i on i s j ust as great as i f
the total  radi at i on traversed the quant i t i es 1.61 of  aqueous V apour and of  carboni c
aci d.  Thi s number depends upon the composi t i on of  the atmosphere, so that i t
becomes l ess the greater the quanti ty of  aqueous vapour and carboni c aci d i n the ai r.
I n the f ol l owi ng tabl e ( I V .) we f i nd thi s number f or di f f erent quant i t i es of  both
gases.

TABLE IV. -M ean path o f  t he Ear th's rays,

I f  the absorpt i on of  the atmosphere approaches zero, thi s number approaches the val ue 2.

Phi l . M ag. S. 5. V ol . 41. No, 251. A pr i l  1896.
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III. Thermal � � � ���� ��� � 	 on the Surface and in the Atmosphere 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.
I n our  deduct i ons we wi l l  assume that the heat  that i s conducted f rom the i nter i or  of  the earth
to i ts sur f ace may be whol l y negl ected.  I f  a change occurs i n the temperature of  the ear th's
sur f ace, the upper l ayers of  the earth's crust  wi l l  ev i dent l y al so change thei r  temperature; but
thi s l ater  process wi l l  pass away i n a very shor t  t i me i n compar i son wi th the t i me that i s
necessary f or  the al terat i on of  the sur f ace temperature, so that at  any t i me the heat that i s
transported f rom the i nter i or  to the sur f ace (posi t i ve i n the wi nter , negat i ve i n the summer)
must  remai n i ndependent of  the smal l  secul ar  var i at i ons of  the sur f ace temperature, and i n
the course of  a year be very near l y equal  to zero.
L i kewi se we wi l l  suppose that the heat that i s conducted to a gi ven pl ace on the earth's
sur f ace or i n the atmosphere i n consequence of  atmospher i c or  oceani c currents, hor i zontal  or
ver t i cal , remai ns the same i n the course of  the t i me consi dered, and we wi l l  al so suppose that
the cl ouded part  of  the sky remai ns unchanged. I t  i s onl y the var i at i on of  the temperature
wi th the transparency of  the ai r  that we shal l  exami ne.
A l l  authors agree i n the v i ew that there prevai l s an equi l i br i um, i n the temperature of  the
earth and of  i ts atmosphere. The atmosphere must , theref ore, radi ate as much heat  to space as
i t  gai ns par t l y through the absorpt i on of  the sun's rays, part l y through the radi at i on f rom the
hot ter  sur f ace of  the earth and by means of  ascendi ng currents of  ai r  heated by contact wi th
the round. On the other hand, the earth l oses j ust as much heat by radi at i on to space and to
the atmosphere as i t  gai ns by absorpt i on of  the sun's rays. I f  we consi der  a gi ven pl ace
i n the atmosphere or  on the ground, we must  al so take i nto consi derat i on the quant i t i es of
heat that are car r i ed to thi s pl ace by means of  oceani c or  atmospher i c currents. For  the
radi at i on we wi l l  suppose that

� �Poui l l et , Comptes r endus, t . vi i . p. 41 (1838).
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Stef an's law of  radiation, which is now general l y accepted, hol ds good, or  i n other words that the
quanti ty of  heat (W) that radiates from. a body of  the albedo (1-
 ) and temperature �  (absol ute) to
another body of  the absorption-coefficient �  and absolute temperature �  is

where �  is the so-cal led radi ati on constant (1.21.10-12 per sec. and cm2) . Empty space may be regarded
as havi ng the absol ute temperature 0* .

Provisional ly we regard the ai r  as a uni form. envel ope of  the temperature �  and the absorption-
coefficient �  for  solar heat; so that i f  �  calories arrive from the sun i n a column of  1 cm.2 cross-secti on,
� �  are absorbed by the atmosphere and (1-� )A reach the earth's surface, In the �  cal or i es there is,
theref ore, not included that part of  the sun's heat which by means of  selecti ve ref lexi on i n the
atmosphere is thrown out towards space.  Further, let �  desi gnate the absorption coeff icient of  the air  f or
the heat that radiates f rom the earth's surface ; �  i s also the emi ssi on-coefficient of  the ai r for radiati on
of  low te�nperature-strictly 15° ; but as the spectral distribution of  the heat var i es rather sl owl y  wi th the
temperature �  may be l ooked 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 quanti ti es of  heat that are conveyed to the air
and to the earth's surface at the poi nt consi dered be �  and .�  respectively.  As uni t of  time we may take
any period: the best choice i n the fol l owi ng cal cul ation is perhaps to take three months for  this purpose.

As unit of  sur face we may take 1 cm.2, and for the heat i n the air that contained i n a col umn of 1 cm.2

cross-secti on and the height of  the atmosphere. The heat that is ref lected from the ground is not
appreciably absorbed by the ai r (see p. 252), for  i t has previ ousl y  traversed great quanti ties of  water-
vapour and carboni c aci d, but a part of  it may be returned to the ground by means of di f fuse reflexion.
Let this part not he included i n the al bedo (1-
 ), � , � , � , � , � , and �  are to be considered as constants, �  as
the i ndependent, and �  and T as the dependent variables. Then we find for the col umn of  ai r

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). T he second one gi v es the
heat radiated from the soi l  (1 cm.2, temperature T, al bedo 1-
 ) to the ai r ;  the thi r d and f our th gi v e the
amount of  the sun 's radiation absor bed by  the ai r ,  and the quanti ty  of  heat obtai ned by  conduction
(ai r-cur r ents) from other  par ts of  the ai r  or  f r om the gr ound:  In the same manner we find f or  the
earth's sur f ace

The fir st and second members represent the radi ated quantities of  heat that go to the ai r  and to space
respecti v el y , ( 1 - � ) � �  is the part of  the sun's radiation absorbed, and N the heat conducted to the poi nt
consi der ed from other parts of  the soi l  or  from the air  by  means of  water - or  air-currents. Combining both
these equations for the elimination of � , whi ch has no considerable i nter est, we find for � 4

For the earth's solid cr ust we may, without sensible err or , put 
   equal  to 1, if we ex cept the snowf i elds, for
which we assume v= 0.5.  For the water -cov er ed  par ts of the earth .	 have cal cul ated the mean val ue of  
  to be,
0.925 by  ai d of  the figur es of  Zenk er *.   We have, al so, i n the following to make use of  the al bedo of  the
cl ouds.  	 do not know if this has ev er  been measured, but it probably does not di ffer  v er y  much from that of
f r esh fallen  snow, which Zollner has determined to be 0.78, i. e .  v = 0. 2 2 .  For ol d snow the al bedo is
much less or  
  much greater; ther ef ore we have assumed 0.5 as a mean value.

The last formula shows that the temperature of the earth augments with � , and the more rapidly the greater  
  is. For an
incr ease of  1° if 
 =1 we find the fol l ow i ng i ncreases for  the val ues of  v=0.925, 0.5, and 0.22 respectiv el y  :-

This reasoni ng hol ds good i f  the par t of  the ear th's sur f ace

* Zenker, Di e Ver theil ung der  Warme auf der  Erdoberflache � , 54
(Ber l i n, 1888).
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considered does not al ter i ts albedo as �  consequence of the al tered temperature. In that
case enti rel y di f ferent circumstances enter.  If , for i nstance, an el ement of  the surface
whi ch is not now snow-covered, in consequence of  f al l i ng temperature becomes clothed
wi th snow, we must i n the last formula not only al ter �  but also 
 .  In thi s case we must
remember that �  is very small  compared to � .  For �  we wi l l  choose the val ue 0.40 i n
accordance wi th Langl ey's *  esti mate.  Certainly a great part of thi s val ue depends upon
the di f fusely reflected part of  the sun's heat, which is absorbed by the earth's
atmosphere, and therefore shoul d not be included i n � , as we have def ined i t above.  On
the other hand, the sun may i n general  stand a l i ttle lower than i n Langl ey's measure-
ments, whi ch were executed wi th a relatively hi gh sun, and i n consequence of  this �
may be a l i ttl e greater, so that these circumstances may compensate each other. For �  we
wil l  choose the value 0.70, whi ch corresponds when K=1 and W =0.3 (a l i ttl e bel ow the
freezing-poi nt) wi th the factor 1.66 (see � . 253). In this case we find the rel ati on
between �  (uncovered) and � � (snow-covered surface) to be

,
if  M =� � . We have to bear i n mind that the mean �  for the whole earth i s zero, for the
equatorial  regions negati ve and for the pol ar regions posi ti ve. For a mean lati tude M=0, and
in this case � 1 becomes 267.3 i f T=273, that is the temperature decreases i n consequence of
the snow-coveri ng by 5°.7 C. †  The decrease of  temperature f rom thi s cause wil l  be val i d
unti l  � =1, i .e. ti l l  the heat del i vered by convecti on to the ai r exceeds the whole radi ation of
the sun. This can only occur i n the winter and i n pol ar regi ons.

But this is �  secondary phenomenon.  The chi ef  ef fect that we examine is the di rect
inf luence of  an al terati on of  �  upon the temperature T of  the earth's surface.  I f  we start
from a val ue � =273 and � =0.70, we f ind the al terati on (t) i n the

*  Langley, "  Temperature of  the Moon,"  p.189.  On p. 197 he estimates �  to be only
0.33.
†According to the correction i ntroduced i n the sequel  for the di f ferent heights of  the
absorbing and radiati ng layers of  the atmosphere, the number 5°.7 is reduced to 4°.0. But as
about hal f  the sky i s cloud covered, the effect wi l l  be only hal f  as great as for cloudless sky,
i.e, the mean effect wi l l  be a lowering of  about 2° C.
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temperature which is caused by the variati on of  ß to the fol l owing val ues to be

These values are calculated for  
 =1, i. e. for  the sol i d crust of  the ear th's sur f ace, except the snowfiel ds.  For
surfaces wi th another  val ue of  
 , as for  i nstance the ocean or  the snowfields, we have to multi ply this value t
b y  a  fraction given. above.
We have now shor tl y  to consider the influence of  the cl ouds. �  great par t of the earth's surface recei ves no heat
directly from the sun, because the sun's rays are stopped by cl ouds. How great a par t of the earth’s surface is
covered by clouds we may find from Teisserenc de Bor t's work* on Nebul osi ty .  From tab. 17 of  this publication
	 have determined the mean nebulosity for  di fferent lati tudes, and found: -

F or  the part of  the earth between 60' S. and 60' N .  we  f i nd the mean value 0.525, i.e. 52.5 per cent. of  the, sky
is clouded.  The heat-effect of  these cl ouds may be estimated i n the following manner .  Suppose a cloud  l i es
overa part of  the earth's surface and that no connect ion ex i sts between this shadowed part and the neighbouring
parts, then a  thermal equilibrium will ex ist 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 ai rand to space, and the radiati on between cloud
and earth may, on account of  the slight di f ference of  temperature, be taken as proportional to this difference.
Other  exchanges of  heat by means of  air-currents are also, as a first approximation, propor tional  to this di f -
f erence.  I f  we theref ore suppose the temperature of  the cl oud to alter  (other  circumstances, as its hei ght and
composi ti on, remai ni ng unchanged) ,  the temperature of  the ground under it must al so al ter  i n the same
manner  i f  the same suppl y  of  heat to both subsists-if there were no supply to the ground f r om neighbouring
par ts, the cl oud and the ground would finall y assume the same mean temperature.  I f ,  therefore, the
temperature of  the cl ouds vari es in a determi ned manner

* Tei sserenc de Bort , " Distr ibuti on moyenne de la  nebul osi te," Ann. du bureau central  mete orologique de
F r a n c e ,  A nnee 1884, t. i v .  2de parti e, � . 27,



. On the Influence of Carbonic Acid in the Air upon the Temperature of the Ground. By Prof. Svante Arrhenius

259

(without al ter ati on of their  other  pr oper ti es, as hei ght, compactness, &c.), the gr ound wil l  under go the same
var i ati ons of  temper atur e. Now it wi l l  be shown i n the sequel  that a var i ati on of  the car boni c aci d of  the
atmospher e i n the same pr opor ti on pr oduces near ly  the same thermal effect i ndependent l y  of  i ts absolute
magnitude (see � . 265).  Therefore we may cal cul ate the temperature-variation i n this case as if the cl ouds cover ed the
gr ound wi th a thi n fil m of  the al bedo 0.78 ( � = 0 .22,  see � . 256). As now on the av er age 
 =1 and W=1 near l y ,
and  i n thi s case �  is about  0.79, the effect on the clouded part wi l l  be onl y  0.25 of  the effect on par ts that hav e  v= 1.
	 f  a l i k e correction is i ntr oduced for  the ocean (
 =0.925) on the supposition that the uncl ouded part of  the ear th
consi sts of  as much water  as of  sol i d ground (which is approxi matel y  tr ue, for  the cl ouds ar e by  pr ef er ence stored up
ov er the ocean), we find a mean effect of , in r ound numbers, 60 p. c. of  that whi ch woul d ex i st  i f  the. whole ear th's
sur face had  
 =1.  T he snow-cov er ed parts ar e not considered, for, on the one hand,  these par ts are mostl y  cl ouded to
about 65 p.c. ; f ur t her ,  they consti tute only a ver y  small part of  the earth (for  the whole year  on the av er age only about
4 � . c.), so that the cor recti on for  this case would not exceed 0.5 p.c. in the last number  60.  And further, on the border countr i es
between snowfiel ds and free soi l  secondar y  effects come into play (see � . 257) which compensate, and perhaps
over come, the moderating effect of  the snow.
In the foregoing we have supposed that the ai r  i s to be regarded as an envelope of perfectly uniform temperature. This is of  course
not tr ue, and we now pr oceed to an exami nati on of the probable cor r ections that must be introduced for eli mi nating the
er rors caused by this inexactness It is ev ident that the parts of' the air which radiate to space ar e chi efly  the external ones and on
the other hand the layers of air which absorb the gr eatest part of the earth's radiation do not lie ver y  high.  From this cause both the
radi ation from air  to space ( � � � 4 in eq.  1) and al so the radiati on of  the eart h to the ai r (� � 
 (T4-� 4) i n eq.  2) ,  ar e
gr eatl y  reduced, and the ai r  has a much gr eater effect as pr otecting against the loss of  heat to space than i s assumed i n
these equations, and consequently  al so i n eq.  ( 3) .   I f  we k new the d i ffer ence of temperature between the two lay er s
of  the ai r that radi ate to space and absor b the ear th's radi ati on, it woul d be easy  to i nt r oduce the necessary
cor r ecti on i n formul ae (1), (2), and 3). For this pur pose 	 have adduced the fol l owi ng consideration.

As at the mean composition of the atmosphere (K=1,
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W = 1 ) a b o u t 80  p.c .  o f   t h e  earth's radiation  i s  absorbed in the ai r , we
may as mean temperature of  the absorbing layer choose the temperature at the height where 40
p. c. of  the heat is absorbed.  Si nce emission and absorption fol l ow the same quanti tative laws,
we may as mean temperature of  the emitting layer choose the temperature at the height where
radiation entering from space in the opposi te di rection 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
f rom a hot Lesl i e cube of 100° C These gi ve nearl y the same absorption-coef f icient i f
Poui l let's formula is used for the calculation. From these numbers we cal cul ate that for the
absorption of 40 p. c. of  the radiation i t would be necessary to i ntercal ate so much water-
vapour between radiator and bolometer that, when, condensed, i t would f orm a layer of water
3.05 mi l l i meters thick.  I f  we now suppose as mean for  the whole earth 
  =1 and W=1 (see
Table VI.), we f ind that vertical  rays f rom the earth, i f  i t were at 100° must traverse 305 metres
of ai r  to lose 40 p.c.  Now the earth is only at 15° C., but this cannot. make any great
di f ference.  Since the radiation emanates in al l  di rections, we have to divide 305 by 1.61 and
get in this way 209 metres.  In consequence of  the l ower i ng of  the quanti ty of  water-vapour
wi th the height † we must apply a sl ight correction, so that the f inal  resul t i s 233 meters.  Of
course this number is a mean value, and higher values wi l l  hold good for colder, lower for
warmer parts of the earth.  In so smal l  a distance from the earth, then, 40 p. c. of  the earth's
radiation should be stopped.  Now i t i s not whol ly correct to calculate wi th Poui l l et's formula
(i t is rather strange that Langley's f i gures agree so wel l  wi th i t.), which gi ves necessar i l y too
low values.  But, on the other hand, we have not at al l  considered the absorption by the
carbonic aci d in this part, and thi s may compensate for the error mentioned. In the highest
layers of  the atmosphere there is very l i ttle water-vapour, so that we must calculate wi th
carboni c acid as the chi ef  absorbent.
From a measurement by Ångstrom ‡, we learn that the absorption-coef f icients of  water-vapour
and of  carboni c aci d i n equal  quanti ties (equal  number of  molecules) are in the proportion 81 :
62.  This rati o is val i d f or the least hot radiator that Ångstrom used, and there is no doubt

* Langley, "  Temperature of the Moon,"  p.  186.
† Hann Met eoro logische Zeit schr i ft ,  xi. � .  196 (1894) .
‡ Ångstrom, Bi hang till  � . Vet.-Ak. Handl . Bd. xv. A f d. 1, No. 9, pp. l  1 and 18 (1889) . ,
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that the radi ati on of the earth is much less refr angible.But in the absence of  a more appropriate
determination we may use th i s for our  pur pose;  it is pr obable that for a less hot radi ator the
absor pti v e power  of the car bonic aci d would  come out  a l i ttl e gr eater  compared with that of
water -v apour, for the absorption-bands of C02 ar e, on the whole, less ref rangi bl e than those of  � 20 (see
pp. 246-248). Usi ng the number 0.03 vol. P. c. for the quantity of  carbonic aci d in the atmosphere, we
find that ray s which emanate f r om the upper par t of  the ai r  ar e derived to the extent of 40 p. c. from
a lay er that consti tutes 0.145 par t of  the atmosphere.  T his corresponds to a hei ght of  about 15,000
metres.  Concer ni ng this val ue we may  make the same remar k as on the for egoing val ue. In this
case we hav e neglected the absor pti on by the small quantities of  water-vapour i n the higher
atmosphere T he temper atur e-d i ffer ence of  these two lay er s-the one absorbing, the other
radi ati ng-is, according to Glai sher 's measurements* (wi th a l i ttl e extrapolation), about 42° C.

For the clouds we get nat ur al l y  slightly modified numbers. We ought to take the mean height of  the
clouds that ar e illuminated by  the sun.   As such clouds 	 have chosen the summits of  the cumuli that
l i e at an average height of  1855 metres, with a maximum height of  3611 metr es and a minimum of
900 metres †.  	 have made cal cul ati ons for mean val ues of  2000 and 4000 metres (correspondi ng
to differences of  temperature of  30°  C. and 20° C. i nstead of  42° C. for the earth's surf ace).
If we now wi sh to adjust our formul ae (1) to (3), we have in (1) and (2) to i ntroduce �  as the mean
temperature of  the radiating layer and (� +42), (� + 30), or (� +20) respecti v el y  f or  the mean
temperature of  the absorbing l ay er .  In the first case we should use 
 =1 and v=0.925 respectively, iii the
second and the thi r d case 
 -0.22.
We then find i nstead of  the formula (3)
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where c is a constant wi th  the val ues 1.88, 1.58, and  1.37 respecti vely  f or  the th r ee cases *. In thi s way  we
find  the foll owi ng cor r ected  val ues which rep r esent the var i ati on  of  temperature, i f  the solid gr ound
changes its temper atur e 1° C. i n  consequence of  a var i ati on of �  as calculated by  means of  f or mu l a
( 3 ) .

I f  w e now assume as amean for the whole ear th  
 =1 and  W= 1., we get � = 0.785, and tak i ng the
cl ouded  par t to be 52.5 p. c. and the cl ouds  to have a height of  2000 meters, further assuming the
uncl ouded  remainder of  the ear th 's surface to consi st equally of  l and and water, we find as av erage
vari ati on  of  te�nper atur e

1.63 x 0.2385 +1.54 x 0.2385 + 0.39 x 0.525 =0.979,

or  v ery  nearly the same effect as we may  cal cu late directly f r om the for mul a ( 3 ) .   On this gr ound 	
hav e used the simpl er  formula.
In the for egoi ng 	 hav e remark ed that accor ding to my  esti mati on  the ai r  is less transparent for  dar k
heat than on Langl ey 's estimate and near])?, i n  the proportion 37.2 : 44.  How great an i n fluence this
difference may exercise is ver y  easily cal cu l ated with the help of  formula (3) or  (4). Accor di ng to Langl ey 's
val uation , the effect shou l d be near l y  15 p. c. gr eater  than according to mi ne.  Now 	 th i nk  that my
estimate agrees better  with the gr eat absorption that Langl ey  has found for  beat from ter r estr ial  radiating
bodies (see p. 260), and  in all circumstances 	 hav e pr ef er r ed to sl i ghtl y  underestimate than to over  r ate
the effect  i n  questi on .
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I V .  Cal cul ati on of the Var iation of Temperature that would ensue i n consequence of a
given Var i ati on of the Car boni c Aci d i n the Ai r .

We now possess al l the necessary data for an est i mat i on of the ef f ect on the ear th's
temperature whi ch woul d be the resul t  of  a gi ven var i at i on of  the aer i al  car boni c
aci d.  We onl y  need to determi ne the absorpt i on-coef f i ci ent for  a certai n pl ace
wi th the hel p of  Tabl e I I I . i f  we know the quant i t y of  car boni c aci d (  K  =1 now)
and water -v apour  ( W )  of  thi s place.  By the aid of Tabl e IV. we at f irst determi ne the
f actor �  that gi ves the mean path of  the radi at i on fr om the ear th through the ai r
and mul t i pl y the gi ven 
 - and W-val ues by thi s factor. Then we determi ne the
val ue of  �  whi ch corresponds to � 
  and � W.   Suppose now that the carboni c aci d
had another concentrat i on 
  �  (e.g.  
  1=1.  5).  Then we at f irst suppose W  unal ter ed
and seek the new val ue of  � , say  p1,  that  i s val i d on thi s supposi t i on.  Next  we
hav e to seek  � , whi ch cor r esponds to � 1
 1 (1 .5� 1)  and p1W.  Fr om f or mul a ( 3)
we can then easi l y  cal cul ate the al terat i on ( t)  (here i ncrease) i n the temperature
at the gi ven pl ace whi ch wi l l  accompany the. var i at i on of  �  f rom �  to � � .  I n
consequence of  the var i at i on (t) i n the temperature, W must  al so undergo a
var i at i on.  A s the rel at i ve humi di ty does not vary much unl ess the d i str i but i on of
l and and water changes (see tabl e 8 of  my or i gi nal  memoi r) ,  	  have supposed that
thi s quant i ty r emai ns constant, and thereby determi ned the new val ue W �  of  W.
A  f resh approxi mat i on gi ves i n most  cases val ues of  W �  and � �  whi ch may be
regarded as def i ni t i ve.  I n thi s way, theref ore, we, get  the var i at i on of
temperature as soon as we know the actual  temperature and humi di ty at the gi ven
pl ace.

I n order to obtai n val ues f or  the temperature f or  the whol e earth, 	  have
cal cul ated f rom D r .Buchan's charts of  the mean temperature at  di f f erent pl aces
i n every month *  the mean temperature i n every di st r i ct  that i s contai ned
between two paral l el s d i f f er i ng by 10 and two mer i di ans d i f f er i ng by 20
degrees, (e. g., between 0° and 10°  � . and 160' and 180°  W.) . The humi di ty  has
not as yet  been suf f i ci ent l y exami ned f or  the w hol e ear th; and 	  have theref ore
col l ected a gr eat  many measurements of  the rel at i ve humi di ty at di f f erent pl aces
(about 780)  on the earth and marked them down i n maps of  the wor l d, and
thereaf ter  est i mated the mean val ues f or  every di st r i ct .  These quant i t i es 	  have
tabul ated for  the f our seasons, Dec.-Feb., M arch-M ay, June-A ug., and Sept.-
Nov.  The detai l ed tabl e and the obser v at i ons used are to be found i n my
or i gi nal  memoi r  :  her e 	  reproduce onl y  the mean val ues for  every tenth
paral l el  (Tabl e V I . ) .

*  B uchan :  Report  on the Sci ent i f i c Resul ts of  the Voyage of  H.M .S. '
Chal l enger , ' Physi cs and Chemi stry, vol . i i ,,  1889.
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B y means of  these val ues, 	 have cal culated the mean alteration of temperature that would follow if the
quantity of carboni c aci d var i ed from its present mean val ue (
 =1) to another, viz. to 
 =0.67, 1.5, 2,
2.5, and 3 respectively.  T his cal cul ati on i s made for  every  tenth parallel, and separately for the four
seasons of  the year.  T he variation is gi ven in Table VII
A glance at this Table shows that the influence is nearly the same over  the whole earth.  The influence has a
minimum near the equator, and i ncreases from this to a flat maximum that l i es the further from the equator
the higher  the quantity of carboni c acid in the ai r .  For K=0.67 the maximum effect li es about the 40th
parallel, for  K=1.5 on the 50th, for 
 =2 on the 60th, and for  hi gher  K-val ues above the 70th paral l el .
The influence is in general  greater  i n the w i nter  than i n the summer except in the case of  the parts
that lie between the maximum and the pol e.  The i nfluence wil l al so be greater  the higher the value of v,
that is in general somewhat greater 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.  An i ncrease in the quantity of
carbonic acid wi l l of  course di minish the difference in temperature between day and ni ght.  A ver y
important secondary el evati on of the effect wi l l  be produced i n those pl aces that alter their albedo by the
extension or regression of the snow-coveri ng (see page 257), and this secondary effect wi l l  probably remove
the maximum effect f r om l ower  paral l el s to the neighbourhood of  the pol es *.
It must be remembered that the above calculations are found by  interpolation f r om Langley's numbers for
the values 
 =0.67 and K=1.5, and that the other numbers must be regarded as extrapolated.  The use of
Pouillet's formula makes the values for  
 =0.67 probably a little too small those for 
 =1.5 a l i ttl e too great.
This is also without doubt the case for  the extrapolated values, which correspond to higher val ues of  
 .

We may now inquire how great must the variation of the carbonic aci d in the atmosphere be to cause a
gi v en change of  the temperature.  T he answer  may  be found by  i nterpol ati on in Table V I I .  To
facilitate such an inquiry, we may make a si mpl e observati on. I f  the quantity of  carbonic acid
decreases from 1 to 0.67, the fal l  of  temperature is near l y  the same as the i ncrease of  temperature i f  this
quantity augments to 1.5.   A nd to get a new  i ncrease of  thi s order of magni t ude (3°.4), it will be
necessary to al ter  the quantity of  carbonic aci d ti l l  i t reaches a val ue nearly midway between 2 and 2.5.

* See Addendum, p. 275.
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Thus i f  the quanti ty  of  car boni c aci d i ncr eases i n  geometric progression, the augmentation of
the temperature wi l l i ncr ease near l y  i n  arithmetic progression.  T hi s rule-which naturally hol ds
good onl y  i n  the part investigated- wil l be usef u l  f or  the fol l owi ng summary estimations.

 5. Geological  Consequences.

	  should cer tai n l y  not hav e under tak en these tedious cal cul ati ons i f  an extr aor di nar y
i nter est had not been connected  wi th  them.  In the Phy si cal  Soci ety  of  Stock hol m there
hav e been occasionally ver y  l i vel y  discussions on the probable causes of  the Ice Age; and these
discussions hav e, i n  my opinion, led  to the conclusion that there exists as yet no sati sf ac-tor y
hy pothesi s that coul d explain how the climatic conditions for  an ice age coul d  be realized in so
shor t a time as that whi ch has elapsed from the day s of  the glacial epoch.  The common vi ew
hitherto has been that the earth has cooled i n  the lapse of  time; and i f  one di d not know that the
rev er se has been the case, one would cer tai n l y  asser t that th i s cool i ng must go on continuously .
Conversations with my f r i end  and colleague Professor Hogbom,  together  wi th the discussions
above refer r ed 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 i n  this way  probably find an explanation for temperature variations of 5°-l0° (J., 	 worked out
the calculation more i n  detai l, and  l ay  it now before the pub li c and the cr i ti cs.
From geol ogi cal  researches the fact is well established that i n  Tertiary times there existed a
vegetation and an animal l i fe i n  the temperate and ar cti c zones that must have been conditioned by
a much h i gher  temperature than the present i n  the same regi ons * . The temperature in the arctic
zones appears to have exceeded the present temperature by  about 8 or 9 degrees.  To this genial time
the ice age succeeded, and th i s was one or more times interrupted by  i n tergl aci al  per i ods wi th a
climate of about the same character as the present, sometimes ev en milder.
When the ice age had its greatest extent, the countr i es that now enjoy  the h i ghest ci v i l i zati on
wer e cov er ed with ice. This was the case with Irel and, Britain (except a small part i n  the
south), Holland, Denmar k ,  Sweden and Nor w ay ,  Russia (to K i ev ,

*  For detai l s cf .  Neumayr, Er dgeschichte, Bd. 2, Leipzig, 1887; and Gei ki e, ‘  The Great Ice-
A ge,' 3rd ed. London, 1894 ; Nathorst, Jordens histori a,  p.  989, Stockholm, 1894.
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Orel , and Nijni Novgorod), Germany and A ustr i a (to the Harz, Erz-Gebi rge, Dresden, and Cracow).  At the
same time an ice-cap f rom the Alps covered Switzerland, parts of  France, Bavaria south of the Danube, the Tyrol,
Styr i a, and other A ustri an countr i es, and descended i nto the northern part of  ltaly.  Simultaneously, too,
North America was covered wi th i ce on the west coast to the 47th parallel, on the east coast to the 40th, and in the
central part to the 37th (confluence of the Mi ssi ssi ppi  and Ohio rivers).  In the most different parts of  the worl d
too, we have found traces of  a great ice age, as in the Caucasus, Asi a Minor  Syri a, the Hi mal ayas, I ndi a,
Thian Shan Altai , Atlas, on Mount Keni a and Ki limandj aro (both. very near to the equator), in South Africa,
Australia, New Zeal and, Kerguel en, Falkland Islands, Patagonia and other parts of  South America.  The
geol ogi sts in general  are i ncl i ned to think that these gl aci ati ons were simultaneous on the whole earth *; and this
most natural view woul d probably have been generally accepted, if  the theory of  Croll , which demands a genial
age on the Southern hemisphere at the same time as an ice age on the Northern and vice versa, had not influenced
opi ni on.  By measurements of the displacement of  the snow-line we arr i ve at the result, -and this is very
concordant for different places - that the temperature at that time must have been 4°-5° C. lower than at present.  The
last glaci ati on must have taken place in rather recent times, geol ogi cal l y  speaking, so that the human race
cer tai nly had appeared at that period.  Certai n American geol ogi sts hold the opi ni on that si nce the close of  the
ice age onl y some 7000 to 10,000 years have elapsed, but this most probabl y i s greatl y underestimated.
One may now ask, How much must the carboni c acid vary accordi ng to our figures, i n order that the
temperature shoul d attain the same values as in the Tertiary and Ice ages respecti vel y  ? A simple
cal cul ati on shows that the temperature i n the arctic regi ons would ri se about 8° to 9°C., i f  the carbonic aci d
increased to 2.5 or  3 times its present val ue.  In order to get the temperature of  the ice age between the 40th and
50th paral l el s, the carboni c aci d i n the ai r  shoul d sink to 0.62 – 0.55 of  i ts present val ue (lowering of
temperature 4°-5° C.).  The demands of  the geol ogi sts, that at the geni al epochs the cl i mate shoul d be more
uniform than now, accords very well  wi th our  theory.  The geographi cal  annual and di urnal ranges of
temperature would be par tl y smoothed away, i f  the quanti ty  of carboni c aci d was augmented.  The

*  Neumayr, Er dgeschicht e,  p  648; Nathorst, l .  c. p. 992.
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reverse would be the case (at least to a lati tude of  50º f rom the equator ), if the carboni c
aci d diminished i n amount.  But i n both these cases 	  incline to think that the secondary
action (see p.257) due to the regress or  the progress of  the snow-cover i ng woul d play
the most important rol e.  The theory demands al so that, roughl y speaking, the whole
earth should have undergone about the same variations of  temperature, so that
accordi ng to i t genial  or  glaci al  epochs must have occur red simul taneously on the
whole earth.  Because of  the greater  nebulosi ty of  the Southern hemisphere, the
var iati ons must there have been a l i ttle less (about 15 per  cent.) than i n the Northern
hemisphere.  The ocean currents, too, must there as at the present time, have ef faced
the di f ferences in temperature at di f ferent lati tudes to a greater  extent than i n the
Northern hemisphere.  This ef fect al so resul ts f rom the greater  nebul osi ty  i n the arcti c
zones than i n the neighbourhood of  the equator.
There is now an i mpor tant question whi ch shoul d be answered, namely :-I s i t probable
that such great var i ati ons i n the quanti ty of  carbonic aci d as our  theory requi res have
occurred i n relativel y short geological  times? The answer  to thi s questi on i s gi ven by
Prof . Hogbom.  As his memoi r on this question may not be accessible to most readers
of  these pages, 	  have summed up and transl ated hi s utterances which are of  most
importance to our  subject * :-

"  Al though i t i s not possible to obtain exact quanti tative expressions for the reacti ons
i n nature by which carbonic aci d is devel oped or  consumed, nevertheless there are
some factors, of  which one may get an approximately true estimate, and f rom which
cer tain concl usi ons that throw l i ght on the question may be drawn.  In the f i rst place,
i t seems to be of  importance to compare the quanti ty of  carboni c aci d now present i n
the ai r w i t h the quanti ties that are being transformed.  I f  the former is i nsi gni f i cant
i n comparison wi th the latter , then the probabi l i ty for  var i ati ons is whol l y  other than
i n the opposi te case.

"  On the supposi tion that the mean quanti ty  of  carbonic acid i n the ai r  reaches 0.03
vol . per cent., this number  represents 0.045 per  cent, by wei ght, or  0.342 mi l l im.
par ti al  pressure, or 0.466 gramme of  carbonic acid for  every  cm2 of  the earth's
surface.  Reduced to carbon this quanti ty would gi ve a layer  of  about 1 mi l l i m.
thi ckness over  the earth's sur f ace.  The quanti ty of  carbon that is f i xed i n the l i ving
organi c world can cer tai nl y  not be esti mated wi th the

*  H� gbom, Sve n s k  ke mis k Tid sk r ift ,  Bd. vi .  � . 169 (1894).
P h i l ,  M a g .  S.  5 .  Vo l .  41 .  � o .  25 1 .  Ap r i l  1896.
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same degree of exactness ; but it is evi dent that the numbers that might express thi s quanti ty
ought to be of  the same order of magnitude, so that the carbon in the ai r can nei ther be concei ved
of  as very great nor as very l ittle, in comparison wi th the quanti ty of carbon occurring in
organisms.  Wi th regard to the great rapidi ty with which the transformati on i n organi c nature
proceeds, the di sposable quanti ty of  carboni c aci d is not so excessi ve that changes caused by
cl i matologi cal  or other reasons in the vel oci ty and val ue of  that transformation might be not abl e
to cause di spl acements of the equi l ibrium.

" The following calculation is al so very instructive for the appreciation of  the rel ati on between the
quanti ty of carboni c acid i n the ai r and the quanti ti es that are transformed.  The worl d's present
production. of coal  reaches i n round numbers 500 mil l ions of  tons per annum or 1 ton per km.2 of
the earth's surface.  Transformed i nto carboni c aci d, thi s quantity woul d correspond to about a
thousandth part of the carbonic acid in the atmosphere.  It represents a layer of  l imestone of 0.003
mil l im. thickness over the whole globe, or 1.5 km.3 i n cubi c measure.  This quanti ty of  carboni c
acid, whi ch is suppl ied to the atmosphere chi efly by modern industry, may be regarded as
compl etely compensating the quanti ty of  carboni c aci d that is consumed i n the formation.  of
l imestone (or other mineral carbonates) by the weathering or decomposi ti on of  si l i cates.  From the
determination of  the amounts of  dissol ved substances, especi al l y carbonates, in a number of  r i vers
i n di fferent countr i es and cl i mates, and of the quanti ty of  water f lowi ng i n these r i vers and of
thei r drainage-surface compared wi th the land-surface of  the gl obe, it is estimated that the
quanti ties of  dissol ved carbonates that are suppl i ed to the ocean i n the course of  a year reach at
most the bulk of  3 km.3  As it is al so proved that the ri vers the drai nage regi ons of  whi ch consist
of  sil icates convey very unimportant quanti ties of  carbonates compared wi th those that f low
through l imestone regions, it is permi ssi bl e to draw the concl usi on, which is also strengthened by
other reasons, that onl y an insigni f icant part of  these 3 km.3 of carbonates is formed di rectl y by
decomposition of  si l i cates.  In other words, onl y an unimportant part of  this quanti ty of  carbonate
of  l i me can be deri ved from the process of  weatheri ng i n a year. Even though the number given
were on account of inexact or uncertai n assumpti ons erroneous to the extent of  50 per cent. or
more, the compari son i nsti tuted is of  very great i nterest, as it proves that the most important of  al l
the processes by means of  whi ch carboni c acid has been
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removed from the atmosphere in al l  times, namel y the chemical  weathering of  si l i ceous minerals,
is of  the same order of  magni tude as a process of  contrary ef fect, which is caused by the
industrial  development of  our time, and which must be conceived of as being of  a temporary
nature.
" In compari son wi th the quanti ty of  carbonic acid which is f ixed in l imestone (and other
carbonates), the carbonic acid of  the ai r vanishes.  Wi th regard to the thickness of  sedimentary
formations and the great part of  them that is formed by l imestone and other carbonates, it seems
not improbable that the total  quanti ty of  carbonates would cover the whole earth's surface to a
height of  hundreds of  metres.  I f  we assume 100 metres, - a number that may be inexact in a high
degree, but probably i s underestimated,-we f ind that about 25,000 times as much carbonic acid is
f ixed to l ime in the sedimentary formations as exists free in the ai r. Every molecule of  carbonic
acid i n this mass of  l imestone has, however, existed in and passed through the atmosphere in the
course of  time.  Although we neglect al l  other factors which may have influenced the quanti ty of
carbonic acid in the air, this number lends but very sl ight probabi l i ty to the hypothesis, that this
quanti ty should in former geological  epochs have changed wi thin l i mi ts which do not di ffer
much from the present amount.  As the process of  weathering has consumed quanti ties of
carbonic acid many thousand times greater than the amount now disposable in the ai r, and as this
process from di f ferent geographical, cl imatological  and other causes has in al l  l ikel ihood
proceeded wi th very di f ferent i ntensi ty at di f ferent epochs, the probabi l i ty of  important
variations in the quanti ty of  carbonic acid seems to be very great, even i f  we take into account
the compensating processes which, as we shal l  see in what fol lows, are cal led forth as soon as,
for one reason or another, the production or consumption of  carbonic acid tends to displace the
equi l ibrium to any considerable degree.  One of ten hears the opinion expressed, that the quanti ty
of carbonic acid in the ai r 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 ai r and
stored in the earth's crust in the form of  coal  and carbonates.  In many cases this hypothetical
diminution i s ascribed only to the formation of  coal , whi lst the much more important formation
of  carbonates is whol l y overlooked.  This whole method of  reasoning on a continuous diminution
of the carbonic acid i n the ai r loses al l  foundation in fact, notwi thstanding that enormous
quanti ties of  carbonic
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aci d i n  the cour se of  time hav e been f ix ed i n  carbonates, i f  w e consi der mor e cl osel y  the
processes by  means of  whi ch  car boni c aci d has i n  a11 ti mes been suppl ied  to the
atmosphere.  Fr om these we may  w el l  conclude that enormous var i ati ons have occur r ed, but
not that the variation has al ways proceeded i n  the same d i r ecti on.
"Carbonic aci d  is suppl ied to the atmosphere by  the fol l ow i ng pr ocesses :-(1) vol canic
exhal ati ons and geological  phenomena connected therewi th ; (2) combustion of  carbonaceous
meteor i tes i n  the h i gher  r egions of  the atmosphere; (3) combustion and decay of  or gani c
bodies; (4) decomposition of car bonates ; (5) l i ber ati on of carbonic aci d mechanical ly i nclosed
i n mi ner als on thei r  f racture or decomposition.  The carboni c aci d  of  the air  i s consumed
chiefly by  the fol lowing pr ocesses :-(6) formation of  carbonates f r om si l icates on weathering ;
and (7) the consumpti on of  carbonic acid by  vegetati ve processes.  T he ocean, too, plays an
important role as a regulator of  the quanti ty  of  car boni c acid i n  the ai r  by  means of  the
absor p ti v e power  of  i ts water , which gi v es off car boni c acid as its temperature r i ses and
absorbs it as it cool s.  T he pr ocesses named under  ( 4 )  and (5) are of  l i ttl e signi f icance, so
that they  may be omitted, so too the pr ocesses (3) and ( 7 ) ,  for  the circulation of matter i n  the
or gani c world goes on so rapi dly  that their var i ations cannot have any  sensible i n fluence.
From th i s we must except per i ods i n  which great quanti ti es of organisms wer e stored up in
sedimentary formations and thus subtr acted from the ci rculation, or  i n  whi ch such stored-up
products wer e, as now, in tr oduced anew  i n to the circulation.  The sour ce of  car boni c aci d
named i n ( 2 )  is whol l y  i ncalcul able.
"Thus the processes (1), (2), and (6) chiefly remain as balancing each other.  As the enormous
quanti ti es of carboni c  acid (representing a pressure of many atmospheres) that ar e now f ixed in
the l imestone of  the earth's cr ust cannot be concei v ed to have ex i sted i n  the ai r  but as an
insign i f icant f r action of  the whol e at any one time since organic l i f e appear ed on the gl obe,
and since therefore the consumption th r ough weathering and formation of  car bonates must
have been compensated by  means of  continuous supp ly we must regar d volcani c exhalations as
the chief source of car boni c acid for  the atmospher e.
"But th i s sour ce has not f lowed regularly and uni f or ml y .   Just as si ngl e vol canoes have
thei r  per i ods of  variation w i th  al ternati ng rel ati v e rest and  in tense acti v i ty , i n  the same
manner the gl obe as a w hol e seems i n certain geol ogi cal  epochs to have exhibited a more
vi ol ent and gener al  volcanic
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acti v ity , whi l st other  epochs have been mar k ed by  a compar ati ve quiescence of  the vol cani c
for ces.  It seems therefore pr obable that the quantity of  car boni c aci d i n the ai r has under gone nearly
simultaneous var i ati ons, or at least that thi s factor  has had an i mpor tant influence.
"I f  we pass the above-menti oned processes for  consuming and pr oduci ng car boni c aci d under
review, we find that they  ev identl y  do not stand i n such a rel ati on to or  dependence on one
another  that any pr obabil i ty  ex ists for  the per manence of  an equi li brium of  the car boni c acid
i n the atmosphere.  An incr ease or  decrease of  the suppl y  continued during geol ogi cal  periods must,
although it may  not be important, conduce, to remarkable alterations of  the quantity of  carbonic acid in the
air, and there is no conceivable hindrance to imagini ng that this might in a certai n geological period have
been several times gr eater , or on the other  hand considerably less, than now."
As the question of  the pr obabi l ity  of  quantitative var i ation of  the carbonic acid in the atmosphere is in
the most deci ded manner  answer ed by Pr of .Hogbom, ther e remains onl y  one other  point to which 	
wi sh to draw attenti on i n a few wor ds, namely : Has no one hitherto proposed any acceptabl e ex-
planati on for the occurrence of  genial  and gl aci al  periods? Fortunately, duri ng the progress of  the
foregoing cal cul ati ons, a memoir was published by  the di sti ngui shed Ital i an meteorologist L. De
Mar chi whi ch rel i ev es me from answer ing the last question*.  � e examined i n detai l  the different
theories hitherto proposed-astronomical, phy si cal , or  geographical, and of  these 	 here gi v e a short
resume.  T hese theor i es asser t that the occur r ence of  geni al  or gl aci al  epochs should depend on
one or  other change in the fol lowi ng ci rcumstances :

(1) The temperature of  the earth's place in space.
( 2)  The sun's radi ati on to the earth (solar  constant),
( 3)  The obl i qui ty  of the earth's axis to the ecl i pti c.
( 4)  T he posi tion of the poles on the earth's sur f ace.
(5) The form of  the earth's or bi t, especially its eccentr i ci ty  ( Cr ol l ) .
(6) T he shape and ex tensi on of  conti nents and oceans.
(7) The cov er i ng of  the ear th's surf ace (v egetati on).
(8) The di r ecti on of the oceani c and aer ial  cur r ents.
(9) The posi ti on of  the equi nox es.

De Marchi  ar r i v es at the concl usi on that a11 these hypotheses must be rejected (p. 207).  On the other
hand, he is of  the

*  Lui gi De Marchi  : Le cause dell 'era glaciale premi ato dal R.Ist iu�to Lombardo, Pavia,
1895.
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opinion that a change in the transparency of  the atmosphere woul d possi bl y give the desi red effect.
According to his cal cul ati ons, "a lower i ng of  this trans� arency would effect a lower i ng of  the temperature
on the whole earth, sli ght i n the equatorial regions, and increasing wi th the lati tude i nto the 70th paral l el ,
nearer the pol es agai n a l i ttl e less. Further, thi s lower i ng woul d, i n non-tropi cal  regi ons, be less on the
conti nents than on the ocean and would diminish the annual var i ati ons of the temperature.  Thi s diminution
of the air's transparency ought chi efly to be attr i buted to a greater quantity of  aqueous vapour i n the ai r ,
which woul d cause not onl y a di rect cool i ng but also copi ous precipitation of water and snow on the
conti nents. The origin of  thi s greater quantity of  water-vapour is not easy to explain."  De Marchi  has arr i ved
at whol l y other results than myself, because he has not sufficiently considered the important quality of
sel ecti ve absorpti on whi ch i s possessed by aqueous vapour. A nd, f ur ther, he bas forgotten that if
aqueous vapour is supplied to the atmosphere, it wi l l  be condensed ti l l  the former condi ti on i s reached, i f
no other change has taken pl ace. As we have seen, the mean relative humidity between the 40th and 60th
paral l el s on the northern hemi sphere is 76 per cent. I f , then, the mean temperature sank from its actual
val ue + 5.3 by 4° - 5° C., i. e. to + 1.3 or  + 0.3, and the aqueous vapour remained i n the ai r, the rel ati ve
humidity woul d i ncrease to 101 or 105 per cent.  Thi s is of  course i mpossi bl e, for  the relati ve humidity
cannot exceed 100 percent in the f ree ai r.  A fortiori it is impossible to assume that the absol ute humidi ty
coul d have been greater than now i n the gl aci al epoch.
As the hypothesi s of  Crol l  sti l l  seems to enjoy a certai n f avour wi th Engl i sh geol ogi sts, it may not be
without i nterest to cite the utterance of De Marchi on this theory, which he, i n accordance wi th i ts
i mportance, has examined more i n detai l than the others.  He says, and 	 enti rel y agree wi th hi m on thi s
point:- "Now 	 thi nk 	 may conclude that from the poi nt of  vi ew of  cl i matol ogy or meteorology, i n the
present state of  these sci ences, the hypothesi s of  Crol l  seems to be whol l y untenable as wel l  i n i ts
pri nci ples as i n i ts consequences" *.
It seems that the great advantage whi ch Crol l 's hypothesi s promi sed to geologists, viz. of gi vi ng them a
natural chronol ogy, predi sposed them i n f avour of  i ts acceptance.  But thi s ci rcumstance, which at first
appeared advantageous, seems wi th the advance of  i nvesti gati on rather to mi l itate

* De Marchi, l, c. p. 166.
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against the theory, because it becomes more and more impossible to reconci le the
chronology demanded by Crol l 's with the facts of  observation.
I  trust that af ter what has been said the theory proposed in the foregoing pages wil l prove
useful i n explaining some points in geological  cl imatology which have hi therto proved
most di fficult to interpret.

ADDENDUM*.

As the nebulosity is very di fferent i n di fferent latitudes, and also different over the sea and
over the continents, it is evident that the influence of  a variation in the carbonic acid of
the ai r wi ll be somewhat di fferent from. that calculated above, where it is assumed that the
nebulosi ty is the same over the whole globe.  	  have therefore estimated the nebulosi ty at
di fferent lati tudes wi th the help of  the chart publ ished by Teisserenc de Bort, and
calculated the fol lowing table for
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the val ue of  the var i ati on of  temperature, if  the carbonic aci d decreases to 0.67 or i ncreases to 1.5
ti mes, the present quanti ty.  In the f i rst col umn is pr inted the lati tude; i n the second and third the
nebulosi ty over the  conti nent and over the ocean; in the fourth the extensi on of  the continent i n
hundredths of  the whole area. A f ter  thi s comes, in the f i f th and si xth columns, the reduction factor
wi th whi ch the f igures i n the tabl e are to be mul tipl ied for  getti ng the true var i ati on of  temperature
over continents and over oceans, and, in the seventh col umn, the. mean of both these correcti on
factors.  In the eighth and ni nth col umns the temperature variations for  K=0.67, and i n the tenth and
eleventh the correspondi ng val ues for K=1.5 are tabul ated.
The mean value of the reducti on f actor � , of  equator is for  the conti nent (to 70º N. lat.) 1.098 and for  the
ocean 0.927,  in mean 0.996. For the southern hemisphere (to 60° S. lat.) it is found to be for  the
c o nti nen t  1.095, for  the ocean 0.871, in mean 0.907.  The inf luence in the southern hemisphere wi l l ,
theref ore, be about 9 per cent. less than i n the northern. In consequence of  the minimum of nebul osi ty
between 20° and 30° lati tude in both hemispheres the maximum effect of  the var iati on of carbonic aci d is
displaced towards the equator, so that it fal l s at about 25° latitude in the two cases of K=0.67 and K=1.5.


