.

. § Comptes rendus, t, vii, p, 41 (1838).
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XXXI. On the Inﬁuence of Ca'rbomc Aczd n t/ze Am upon X i

 the Temperature of t/ze G'round By PlOf SVANTE
ARRHENIUb s : A ST S s

1. ]ntroduct:on Obsm vations of Langle}‘on
Atmosphemccd Absor. ptzon

: _- A GREAT deal has been written on  the influence: of

the ‘LbaOlpblon of the atmosphele upon the climate.

: Tyndail t in particular. has pointed out:the enormous im-= .

portance of this question. To him it was chleﬂy the diurnal

_ and annual variationsof the temperature that were lessened by_ -

- thiscircumstance. Another sideof the questlon, that has long: & e
attracted the attention of physmlsts, is this :* Is* the mean =

_ temperature of “the ground in any way. ‘influenced byithe

presence of heat-absorbing gases in the almosphere ?- ‘Fourier}

maintained that the atmosphere acts like the glass of a hot—, i
house, because it lets through the light rays of the sun:but -
" retains the dark rays from the grouud ‘This idea | Was__‘ T

elaborated by Poulllet§ ; and Langley was by some of his
researches led to the'view, that ¢ the temperature of | the

.. earth under “direct sunshme even though our atmosphere
. were present as now, would probably fall to —200° C., if
S 'g_:_‘that atmosphere did ot possess . the. quahty of selectlve Ao

e * Dxtmct from a pape1 presented to the Royal Swedlsh Academy of R
. Sciences, 11th December, 1895., Communijcated by the Aughor BT
oy ‘Heat a Mode of Motion,’ 2nd ed. p. 405  (Lond., 1865)...7 1 Lt

{ Mém. delAc. R, d.Sci, de Unst. de ance, & v11u_18‘)7
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absorption” *.  This view, which was founded on.
wide a use of Newton’s law of cooling, muast be abandon..,
as Langley himself in a later memoir showed that the full
moon, which certainly does not possess any sensible heaii;
absorbing atmosphere, has a “mean effective lemperature
of about 45° C.t = 2 i :

The air retains heat (light or dark) in two different
ways. On the one hand, the heat suffers a selective dif-
fusion 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 extraordinarily 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 I. :

* Langley, ‘Préfeé.sional Papers of the Signal Service,’ No. 15. “ Re-
searches on Solar Heat,” p. 123 (Washington; 1884).

t+ Langley, ©The Temperature of the Moon.” * Mem. of the National -
g Science X

1d 8, vol. iv. 9th mem. p. 193.(1890). ; :
Acﬁ? E;ILY IZy, “Prof. Pa ers,” No, 15, p. fﬁl. T have tried to calculate a
formula E)r the value of the absorption due to the selective reflexion, as

determined by Langley. Among the different formule examined, the .

following agrees best with the experiment_al results :— :

' log a=b (1A) Fe (IN)°. ‘
I have determined the coefficients of this formula by aid of the method
of least squares, and have found— . : : Sl 4
: b=—0-0463, - =—0-008204."

a r.e resents the strength of a ray of the wave-length X (expressed in
©w) aftgr it has entered with the strength 1 and ?gassed through the
air-mass 1. The close agreement with experiment will be seen from the
followingtable:— oot e
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The selective absorption of the atmosphera is, according to

the researches of Tyndall, Lecher and Pernter, Rontgen,

| Heine, Langley, ngsirém, 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 wholo
-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 sidest. 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.
‘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 circumstancos. ~
In order to get an idea of how strongly the radiation of the
earth (or any other body of the temperature -+ 15°. C.) is

the  proportions in which  these gases ‘are : present in our
- atmosphere, ‘one should, - strictly speaking,” arrange experi-
ments on the absorption of heat from.a body at 15° by means
of appropriate quantities of both gases,
have not been made as yet, and, as they would require very
expensive apparatus beyond that at my disposal, I have not
been in a -position to execute them. Fortunately there are
~ other researches by Langley in his work on ¢ The Temperature

.- For  ultra~vialet  rays the absorption becomes extremely great in
accordance with facts. ; ; - :

. i As one may see from the probable errors which I have placed alongside
/- . for the least concordant values and also for ome value (150 ), where
© - == the probableserror is extremely ‘small, the differences are just of the
magnitude that’one might expect in an exactly fitting formula.. .. The

B4 3 ?_ curves for the formula and fo: the experimental values cut each other at

foar ‘poirits’(1/A=2'48, 1:88, 1'28, and’(-82 respectively). - From the
formula we may estimate the.value of the: selective reflexion \for thoss
parts of the spectrum’ that prevail-in the heat from the moon and the
earth (angle of deyiation=388 ~86°, \=10'4-24'4 x), We find: that the
4 absurPtinn from: this- cause varies betweeen 05 and 1 p. c-for gir-mass 1,
This insensible ‘action, which is wholly covered by the” experimental
errors, T have neglected in the following caleulations, ; .
- w* Vide Winkelmann; Handbuch der Physik, o L RELHN o
— 1 COf, e.g.; Trabart, Metearologiscfée geitsckm_'ft, Bd. ii. p. 238 (1894),

Tyndall ‘held . the opinion that the water-vapour -

absorbed by quantities of water-vapour or carbonic acid in

But such experiments.

=


David Archer
Note
Arrehnius is aware of band-saturation
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of the Moon,” ‘with the aid of which it scems not impossible
to determine the absorption of heat by .aqueous vapour and
by carbonic acid in precisely the conditions which occur in
our atmosphere. o 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 EO‘ 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 not 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 1s, 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

quantitly, of carbonic acid that is traversed in. the air by a

vertical 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 I have taken, the quantity of aqueous -

_ 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. =

NP bk i § 4 e B R LT

o T]-.nis.ulﬁit.‘“l‘:;a:ai'lji_' OrTespo: ds to_the mean hum.uhty
Table VL.p.|264) feeistr el saih Sga U

—..——obhservation occurred in his series.

- been :1'5 and: 088 respectively.

- differ very much from one another.
_..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 I have found the corresponding
- mean values of the total radiation :— ;
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And it seems as if periodic alterations with the time of
K On what circumstance
these altergt-lons with the time depend one can only make
vague conjectures : probably the clearness of the sky ma
have altered within a long period of observation, although this
could not be detected by the eye. In order to eliminate this
irregular “variation, I 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 rays in these four groups of observations, I have roughly
calculated the absorption coefficients ( and ) 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
: The 21 values for the
different rays were then summed up, so that I obtained the
total heat-radiation for every series of observations, reduced to
K=15and W=0-88. If the materials of observation were -
very regular, the figures for this total radiation should not
In fact, one sees that

P feﬁod.'-- Mean " Reduction

T ey ; et value. ;
1885, Feb. 21-June 24 ...... ffég% : fai‘fg)r
1885. _Jlil]y 20-1886. Feb. 16. 6344 1:00
11886. Sept. 18-Sept. 18 ...... 2748 2:31
1886, Oct: - 11-Nov, 8 ... 4 5535 115
1887, Jan.  8-Feb. 9 ... ie 3725. 1-70

~ In order to reduce the figures of Lan.gley.to comparability

with one ‘another, [ have applied the reduction factors
tabulated above to the observations made in the respective -

~periods.” -1 have convinced myself that by this mode of .

- working no systematic error is introduced into the following
i calenlations. S

‘After . this had beon done, I .reafi'a;nged the ﬁéures of

Langley’s groups according to the values of K and W
'_=in the following table. * (For further' details see my original

momoir) e e
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148 |3845.| 3550, 3815, 88, | 3845, | 3800, | 3815, 38 |8745.| 3780,
K 116 | 112 | 116 | 118 | 116 | 113 116 113 | 116 1:131 é;c;
Wi 032 | 0269 032 | 0271 032| 02M) 032 0271 032 07 o
obe. .| 287 1266|210 |264 (248 (248 [126 |201 |438 |659 e
tale 270 |axs |a00 257|204 |28 |125 104 108 |58 | 68
s o | 21| 75| s6 | 6o | 53 | a5 | 43 | 121 | 140 | 208
@5 / 7 ’ e g
K 198| 127 | 1929 | 120|129 | 120 | 127 | 126 | 120 1.2: 1&‘)
W .| 081 | 107| 0ss| 104 | 086 | 104 | 090 | 096 | 086 3;3 o
sobs..|220 |19 267 |13 |182 |iroj| 58 | 87 ;:(1) et et
i ealo.l| 231|279 954t |22 21871125 86 (128 1261 e
o ) e e s | o 1B e o |
K 146 | 140 | 190 | 149 | 149 149 | 10| 149 Lo, g10) G100
W .| 075 | 0823 078 | 087 080 | 089, 06240803150 8 2.3'.!. 466
i obe... | 110|282 |20 189 180" | 02 | 0V ) 144 z.z 33'2 g
icalo..|236 |20 |25 (209 |186 |127 | 78 |108 ke
G . ies | ‘o8 |ag | as| e | 1T | s = | sl

...... : ‘ e e e
g 148 | 152 | 148 | 151|148 | 151 | 148 ) 151 1.43 1;3 i
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iobs.. 252 |26 |246 |183 |216 | 48 | 87 36 1;37 iw 0
i ealo....| 1697|214 |202 |1790 |185 | 59 | 47 | 66 121_ Baga
(e 8 s0.| 22 U6l 8L |87 | Byl 48 A :
K 2:96 | 226 | 226 | 226 | 226 | 226 | 226 | 226 ;2-27_:2-26 227
W 108 | 1:08 | 1:08| ‘108 | 108 | 1:08 | 1:08| 108 | 1-06 | 1-08 o
zoba 213 284 |208 |16+4 |111 82 F 1o 35 17-3. 22; s
foalon.{212 |26 218 1166 1101 | 77 | 45 | 6171147 i i
e} a4 |49 |Vag {8428 AT | 9 S| T | 87T |75
X 205 192 | 192 193 | 192 | 192192 | 245 BTy 198 =

..... 30 | 2 16 | 224 | 230 | 224 | 225 | 220 | 2 {
Wi 193 | 2:30 | 224 | 2 el el 2
fobs...|134 128 148 |151 1108 | 66 | 84 | 34 ;? ‘. 23.4 2
icale...| 162|104 | 178|145 1180 /38 | 29 Pk b
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different Values of K and W,

D,

379;5. 37, 136?45. 36"-30.’3@15., 36. 35-35.]35930.]35"—15. 33

J 116 116

1118 | 1118
03¢ | 034

127 | 116 | 197 | 197 127 | 116
0-32

1-06

i obs,,,.| 589
% cale.,..| 530
294

......

¢ obs, .| 4311
i eale,...| 552
87
1-48
166
| 475
... 382
.[ 186
2:26
1-08
Z obs. ...[ 446

icale....|4T1

G 03

......

7 cale....

211
56 -

032

.. 686
T8
190
127
1-00

1-49
0-87 | 085

59
571
163
127
1-00
503"
51-2
251

1-48

364
471
149
148
1-58
487
434
176
212
1115
82:0
33'5
98
2:05
1-98
332
31-8
137

458
425
181

56-2
50-9

118°

181
1-05
479
471
205
1448
085
85-4
42'5
146
‘148
166

1:01

048 | (32

048 | 048 | 048

032

483

434

407 390 (826

460 349 |64 |31 |oye

102 |

132
100

28

412
392
140
148
086
81-2
363
127
148
166

317
342
108
141
097
283
330
54
148
183

1-32
1-00

345
330
99

190

350
320
82

191

112

128
081
207
811
98
145
089
249
293
78
148
1-66
275
236
79

209

25

051
257
303
16

141

097

166
273
32
148

1-83

1-33

287

234
67
191

21

188
268
12
141
0-98
154
22:3

29 -

148

158
214
17-8
81

190

183
051

1’10
278

1111 110 | 118

1110 [ 111

32-8
66
245
295
267
237
77

19-4

214

24-7

26-6
268

- 58
2:37
220

63

296
184 (214

245
236

63

2-45
225

188
168

72,
2:37
220

61

65

190

21-3

197
2:33
164
174
32"

45

109
115

160
175 .
37
197
283

22

121
122

315
273
20
133
107
275
21-3
39
141
098
103
22:0
19
148
183
174
154
41
1:90
111
139
204
32
197
283

24

122

79
84

197
193
54
125
060
166 |
172
22
141
0°98
92
147
17
148
166
154
116
43
212
115
101

81
197
233

16
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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-ahove-mentioned

_units, Under this comes after ¢ obs. the intensity of radiation
~ - (reduced) observed: by Langley on the bolometer, and after
~* this the corresponding value 7 cale., calculated by means of the
~absorption-coefficients given~-in Table II. below.
- “weight” given to the corresponding 7 obs. in the calculation,

-using the method of least squares. T S :

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

TasLr II.— Absorption- Coefficients of Carbonic Acid ()
i : ‘and Aqueous Vapour (y). i

G is the-

“Angle of Deviation, | logw. = | " logy | AT
R 50008 11 SRR 01600 | B s
»040 78S { 00000, . | . —01455 22
. 3945 . —00296 | - —01105 | | 845
3930 —00559 -00952 | = 296
8915 i -0'1070 -00862 - 264
390 - —03412 =0-0068 ©21b
3845 . | - —02035 - —08114 [ 24B
38:30 —0-2438 —0:2362 136,
3815 ~0-3760 '—01933 214 -
380 . —=01877 -03198 444
3745 - |- 00931 - —0'1576 590
3730 ~00280 —0'1661 - 700
3715 | —00416 ~0:2036 | BB
810 ;| 02087 | —00484 . | 2620 e e
Segeo Ul e T ot
_,36 4§._1.: S -‘i{'—0'2466 Ci 2 S
3630 . | e 4] e
BRU T - .
360 | 00940 G
a5 | Zolees jia e
8630 - |0 —01742 :
148516 sur | —00188 PRY
350 . —00891 Py
-~ The'signification of these figures may be-illustrated-by an =~ /. e
example, If a ray of heat, corresponding to the angle of = = v
 deviation 39°45, passes through the unit of carbonic acid, it de<——rr Sl

3

+ positive values for log « or log .
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creases in intensity inthe proportion 1:0:934 (log = —0-0296),
the corresponding value for the unit' of . water-vapour is
1.:0:775 (log=—01105). 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=2-2, and W=03 and W=21 (the numbers for K
and W are a little different for rays of differentkind). - Below
A is written the relative value of the intensily of radiation
for a given kind of ray in the moonlight after it has traversed
K=1 and:W=03." .In some cases the calculation gives
As this is a.physical
absurdity (it would signify that the ray should be strength-
ened by its 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 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
7 obs. agree in most cases pretty well with the calculated values
¢ cale.  But in some cases the agreement is not so good as one

~could.wish. ' These cases are mostly characterized by a small

“ weight *’ &, that is in other words, the material of observa-
tion is:in these ‘cases: relatively insufficient.  These cases
oceur also chiefly for such rays as are strongly absorbed by
water-vapour. ' This effect is probably owing to the circum-
stance 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 dis-
tribution 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 isthe case.. This circumstance shows that the division
of the statistic material is carried a little too far; and a combi-
‘nation of these two groups would have shown a close agreement
.between the: calculated: and the obsérved figures. ~"As, how-

. ever,-such ‘a.combination :is without influence on.the correct-

ness of ‘the ‘calculated absorption-coefficients, I haye omitted


David Archer
Note
In fact this is not absurd; a ray can be strengthened by passing through the gas, if the gas is warmer than the original source of the IR.  Arrhenius seems to miss this here, but gets it right in the climate calculations later.

David Archer
Note
A bolometer, in vented by Langley, shines a beam of light on one side of a thermocouple, measuring the resistance using a wheatstone bridge and a galvanometers.  
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a rearrangement of the figures in greater groups, with con-
sequent recalculation. . BT A o e v

A circumstance that argues very greatly .in. favour of the
opinion that the absorption-coefficient given in Table IIL.
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 386%45 and
36°15.  The observations for 40° are. not very accurate,
because they were of little interest to Langley, the corre-
sponding 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 belong-
ing 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 experi-
mental. errors.fi Gnsenierii e r i i o R R
1t is certuinly not devoid of interest to compare these
absorption-coefficients with'the results of the direct observa-
tions by Paschen and Angstrom®. . In making this com-
parison, we. must bear in mind 'that an . exact agreement
cannot be expected, for the signification of the above co-
efficients is rather unlike. that of the coeflicients' that are or
may be calculated from the observations of these two authors,
The above coefficients give the rate:of absorption of a ra
that has traversed quantities of ‘carbonic acid (K=1-1) and
water-vapour (W.=0-3); whilst the coefficients of Paschen and

ngstrém represent the absorption experienced by a ray.on.

the passage through  the'first layers of:these’ gases.iiiIn
'some cases: we. may expect a great difference between these
two quantities; so that only a general agréement can he
looked for. = it LA e e e e

According to Paschen’s figures there seems to exist no
sensible emission: or absorption by the: aqueous vapour at
wave-lengths between 0'9p and 1'2 p (corresponding to the
angle of deviation 40°).  On the other hand, the representa-
tion of the sun’s spectrum by Langley shows a great many

* Daschen, Wied. Ann. 1, p. 409, 1803 ; Ii. p. 1, lii. p. 2C¢
P. 334, 1894’, especially vol, lztab. ix. fig. 5, .¢gn}; lh}o:P i&g;ﬂda},’iﬂ;
‘curve 2 for aqueous vapour. Angstrom, Bikang till K. Vet-Ak, Hand-

“lingar, Bd. xv. Afd.'1, No. 9; p. 15,1889 Ofversigt of K. Vet-Ak, -~

Forhandl. 1889, No. 9, p. 668,5 +* “oo, :

in the' Air upon the Temperature of the Ground, 247

strong absorption-bands in this .interval, among which those
marked p, o, 7, and ¢ are the most. prominent®, and these
ahsorption-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 1L is
not very accurate (probably too great), in consequence of the
little importance that Langley attached to the ccrresponding
observations. After: this occurs in Langley’s spectrum the
great absorption-band 4rat the angle 39-45 (A=1'4 p), where

~ in: . Paschen’s. curve the emission: first becomes sensible

(log y=—0-1105 in Table I1.). At wave-lengths of greater
value we find according to Paschen strong absorption-bands
at A=1-83 & (Q in Langley’s spectrum), . e. in the neigh-
bourhood of 89°30 and at A =264 p (Langley’s X) a little above
the angle: 89°-15. In accordance with this I have found
rather large absorption-coefficients for aqueous vapour at
these angles (logy=—0'0952 and —0-0862 resp.). From
A=30pu to A=4'T u thereafter, according to Paschen the
absorption is very small, in agreement with my calculation
(logy=—00068"at 39°, corresponding to A=4'3 u). From\:
this point the absorption increases again and presents new
maxima’ati A=55u, ' A=66 g, and A=T'Tp, Z.e. in the
vicinity of the angles 88°45:(A=>56 ) and 38%:30 (A=T-1p).
In this region the absorption of the water-vapour is con-
{inuous over the whole interval, in consequence of which the
.great absorption-coefficient in this fJa'rt (log y=—0-3114 and
220-2362) becomes intelligible. - In:consequence of the de-
croaging 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-vapour would also
be. considerable at A=8:7 g (39%:15), which corresponds with
the great absorption-coefficient (logy=—0:1933) at’ this

“place. The observations of Paschen are not extended further, -

‘ending at A= 9:5 p, which corresponds to an angle of 39°-08;

. For carbonic acid we find at first the valpe zero at 40° in

agreement with the figures of Paschen and Angstrﬁm‘l‘. - The
absorption of carbonic acid first assumes a sensible value at
T e Ty Ay - “ \

ik Langley, Ann, Ch. et Phys. sér. 6, t. xvii. pp- 823 and.égs’ 1889,

- Prof. Papers, No. 15, plate 12., Lamansky attributed his absorpion-band
- yhich probn.,bly had this place, to the absorbing power of aque(;,?: v;;mf; ;

“ (Pogg. Ann. cxlvi..p. 200, 1872).".

4%+ 1t must'be remembered that at this point the spectrum o' Paschen
as very weak, 80:that the coincidence with his figure may be aecidental,


David Archer
Note
For the conversion of diffraction angles to wavelenths, we find the following touchstones in the text:

angle        wavelength
40 deg      1 micron
39.75       1.4
39.5         1.83
39.25       2.64
39            4.3
38.45       5.6
38.3         7.1

but then we see numbers like
39.15       8.7
39.08       9.5

maybe these are both typos, intended to be 38 rather than 39.  
  


248  Prof. §. Arrhenius on the Influence of Carbonic Acid

A=1'5 u, after. which it increases. rapidly to a maximum at
A=2'6 p, and attains a new extl‘aordinari{ynstrong maximum
at A=4'6 (Langley’s Y). 'According to Angstrém the ab-
sorption of carbonic acid is zero at A=0'9 u, and very weak
at A=1'69 p, after which it increases continuously to A=4-6 p
and decreases again to A=6'0 z. This behaviour is entirely

in' agreement with the values of loga in Table IL. TFrom

the value zero at 40° (A=10p) it attains a sensible value
(—0"0296) at 39°'45 (A=1'4p), and thereafter greater and
greater values (— 00559 at 3930, and —0-1070 at 34>15)
till it reaches a considerable maximum (—0'3412 at 39°,
A=434). _After this point the absorption decreases (at
38°45=56 p,log #=—0'2035). According to Tablo II. the
absorption of carbonic acid at 38>30 and 3815 (A=T1p
and 87pu) has very great values (loga=—02438 and
—0+3730), whilst according to Angstrom it should be insensible.
This behaviour may be connected with the fact that Angstrom’s
spectium had 4. very small intensity for the larger wave-
~ lengths. -In Paschen’s curve there are traces of a continuous

" absorption by the carbonic acid in this whole region with

weak maxima at A=52 u, A=59 u, A=66 u (possibly due

‘to, traces~of water-vapour), A=84 g, and A=89 p. In
_.consequencs of the s gong absorption of water-vapour in this
““iregion of the spectrim, the intensity of radiation was very
~ small in Langley’s observations, so’that the calculated ab-

~sorption-coefficients are ‘there not very exact (¢f. above,

pp. 242-243). Possibly the calculated absorption of the car-

bonic acid may have come out too great, and that of the

water-vapour too small in this part (between 38°-30 and 38>0)..

This can happen the more easily, as in Table I. K.and W
* in general increase together because they are both propor-
tional to the “air-mass.” « It may be pointed: out that this

also occurs in the problems that are treated below,so that the
error from this cause is not of so great importance as one

might think at the first view. =l caiii i e e

For angles greater than 88° (A>9'5u) we: possess no
irect observations of the emission or absorption‘of; the two
es. The sun’s spectrum, according to La’n&;léy,' exhibits
very; great absorption-bands at about 87%:50, 37%:25, 87° and
36%-A°. According-to my calculations the aqueous vapour
has’its\grea{;est absorbing power in the spectrum from 38° to
35° at
35°45,
pend u ( _
betweert 86%-30 and-37%:0.  This seems to. indicate. that .the

s \_'--_;ﬁ_‘“_;'____...._..-j

ngle’s between 37215 and 37°:45 (the figures for
5°80, and "85%15 are' very uncertain, as' they de-
on very few measurements), and the carbonic acid -

.first. two absorption-bands are due to the action of .water-

o o

. 2 Ma ".'J’._.‘mv-__. — N r
‘ E PR

.\'

W =08 o ; :
T ‘Temperature of the Moon,’ plate 5. " - '~ '=
%21 ““The Distribution of the! Moon’s Heat,”” Utrecht Society.of Arts and

e Sa;
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vapour; the ]aR"‘tWO to that of carbonic acid.. It should be
emphasized that- Langley has applied the greatest diligence

~in the measurement of the intensity of the moon’s radiation

at angles between 36° and 35°, where this radiation possesses

. its maximum intensity. It may, therefore, be assumed that the

calculated absorption-coefficients for this part of the spectrum
are the most exact. This is ‘of great importance for the fol-
lowing calculations, for the radiation from the earth * has b

far the greatest intensity (about two thirds, ¢, p. 250) in this
portion of the spectrum.

: II The Total Absorption by Atmospheres of Varying

Composition. ,
- As we have now determined, in the manner described, the

~values of the absorption-coefficients for all kinds of rays, it

will with the help of Langley’s figurést be possible to cal-
culate the fractionlz)f the heat fl)‘FOIIl abbodyTat 15}"3 C. (the gagglg)
which is absorbed by an atmosphere that contains specified
quantities of carbonic acid and water-vapour, To begin with
we will execute this caleulation with the values K=1 and
W=03. Wb take that kind of ray for which the best déter-

~minations have been made by Langley, and this lies in the midst

of the most important part of the radiation (37%). For this

pencil of rays we find the intensity of radiation at K=1 and

W=03 equal to. 62:9; and with the help of the absorption-
coeflicients we' calculate the intensity for K=0 and W=0,

- and find it equal to 105. Then we use Langley’s experiments

on the spectral distribution of the radiation from a body of

-15° C., and calculate the intensity for all other angles of devia-

tion. | These intensities are given under the heading M. After

_ this we have to calculate the values for K=1 and W =0-3.

For the angle 37° we know it to be 62-9. .:For any other
angle we could take the values A from Table I if the moon

‘were a body of 15° C... But a’ calculation of the figures of
Veryf shows that the full moon has a higher tem;emture,

about 100° C. Now the spectral distribution is nearly, but
not quite, the same for:the heat from a body of 15° C. and
for that from one of 100° C. With the help of Langley’s
figures it is, however, easy to reduce the intensities for the

_]:191: body at 100° (the moon) to be valid for a body at 15°

o

%:fbgr_haifirii;;;be.e‘r'lféiftedi_:thr;oug}i an‘ja.tmosphei-elof K:i‘l and

St RN S SRRy 2

Tthag_qe_,;,lS_Ql. i Jisr
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(the earth). 'The values of A reduced in this manner are 'f
~ tabulated below under the heading N. : a1
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, ~ described, thooy in ordinary type are interpolated from them
el N with the help of Pouillet’s'exponential formula. The table has

Angle... 40°.  39-45. '39-30. 39-15.° 30°0.. 3845, 38:30. 3815, 880, 37453780, ! : ~ two headings, one which rung horizontally and represents the

Mook 34 116 248 459 840 1217 161 189 -210 - 210 . 188 by . quantity of aqueous vapour (W), and another that iuns verti-

N 31 101 118 137 ‘180 181 = 112 196 444 59 .70 { | - cally and represents the quantity of carbonic acid (K) in the -
''''' 2 ‘ . : (I atmosphere.

Angle...37°-15. 87-0. 36-45. 36:30. 36'15. 36:0. 35:45. 35:80. 3515. 850. Sum. P.c. ; \i [ : P -

Ml 147 105 103 99 60 Bl 65 - 62 - 43 30 ~~2023 100

756 629 664 514 391 379 392 376 360 -28'7_743'2

For angles less than 37° one finds, in the manner above
described, numbers that ave a little inferior to the tabulated
ones, which are found by means of the absorption-coefficients
of Table II. and the values of N. In this way the sum of the
M’s is a little greater (68 per cent.) than it would be accord-
ing to" the ‘caleulation given above.  This non-agreement
results’ probably from the circumstance that the spectrum in
the observations was not quite pure.: AR S
' 'The:value 37‘2 may possibly be affected with a relatively

great error in consequence of the uncertainty of the M-values.” :
In the following calenlations it is not so much the value 37°2 =

that plays the important part, but rather the diminution of
the value caused by increasing the quantities K and W. Tor
comparison, it may be mentioned that Langley has estimated
the 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 observa-

tions corresponded with higher values of K'and W than K=1

‘and W=0-3,'it will be seen that he attributed to the atmo-

sphere a greater transparence for opaque rays than I have

done. In accordance with Langley’s’estimation, we should

expect for K=1 and W=03 a value of about 44 instead of = -
37-2. How greatan influence this difference may exert will = ==

be investigated in what follows. = ==

The absorption-coefficients qu

- 0-3and 2:22.  In this interval one may, with the hélp of those
 coefticients and the values of N given above, calculate the value
~ of N.for another value of K and W, and so in this way obtain
by means of summation' the total heat that'passes through an
atmosphere of given condition.: " For: furthert calculations: I
have also computed values of N for'atmospheres that-contain

- greater quantities of carbonic acid and aqueous vapour. “These = uinsy
- values' must be considered as éxtrapolated. In the following
table (Table IIL) I have given these values of N.:The -
numbers; printed in italics are. found directly;in the manner:

‘# Langley, ¢ Temperature of the Moon,” p. 107.

oted in Tuble IT. arovalid for b
an interval of K between about 1:1'and 2:25,and for W-between

Tanre ITL—The Transparency of a given Atmospﬁére Jor
. Heat from a body of 15° C. :

—_
Lqu 03.:].06 | 10 | 15. | 20.°| 30. | 40. | 60."| 100
Cco,. |- e il . 3
c1| el ss0 | s07 | ee9 | 239|198 | 160 | 107 | 89
019 | 84y | 827 | 286 |25z [ 229 | 178 | 147-| 07 | 80
15 | 816 [ 2906 | 259 | 226 | 109 | 159 | 130 | ‘s4 | 69
2 l2ro 253 |2r9 [ 197 | 167 | 131 | 105 | 66 | &8
© 25 295 | 220 [190./166 | 144 | 110 | 87 | 53 | 49
8 l201 [ 188 (163 | 1/2 | 123 | 93 | 74 | 42 | o3
4 1158 | 147 [127-|108 | 93 | 71 | 56 | 31 | 20
6 109 102 87 78 63 48 37 19 003
10 66 | 61 | 62| 43| 35 | 24| 18| 10| 02
20 29 | 25| 22 | 18| 15 | 10 | 075 039| o007
40 088\ 081 0GT| 066\ 06| 052| 024| 02| 002

- 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 quantities of the gases under discussion.

This can’easily.be shown for:aqueous vapour with the help of
Langley’s actinometric observations' from Mountain *Camp

- and Lone Pine in Colorado*. . These observations were

exocuted at Lone Pine from the 18th of August to the 6th of

- September 1882 at 7" 15™ and 7" 45™ A, at 11" 45™ a.u.
and 12" 15™ P, and at 4® 15™ and ‘4" 45™ p.y. - 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 observationi was performed in the morning (at 8" 0™). T
- 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, andafter

. this under D the mean date of the observations (August 1882),

- under:Wthe quantity of water, under I the radiation observed:

. by means of the actinometer, under I, the second observation
% prchr’ e AN :

the same'quantity.. ..o ioe fin 0l

* %' Langley, ‘Researches on Solar Heat,’ pp. 04, 98, and 177,


David Archer
Note
The absorption coefficients Arrhenius calculated are based on an assumption that the IR decrease is linear with intervening greenhouse inventory.  The extrapolation of the IR intensity following much larger changes in gas inventory assumes Beer's law, the exponential decrease in intensity with increasing intervening gas inventory.  As previously noted, Arrhenius is neglecting the potential emission of IR by the air at this point in the paper.  
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Camp. [ 239
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Morning. J Noon, Evéning,_
A r_\ — A & ™ ', . o
D. W. I 1. Do W oL 1, D.. W, - I. L. 4 %
298 061 1424 1'551} 236 046 - 1692 1715 266 051 '1-417-1-851 1 i |
21-1 084 1-458 1-583 26:9 059 1-699 1 721} 232 074 14281359 | \ |
0-088 1-790 } {22‘5 0182 1-904 1-873 {24 5 0:205-1701 1641 { ]
236 00158 1749 245 0245 1-890 1917 | 226 082 1601 1-52’”1 ; i

At a very low humidity (Mountain Czuﬁp),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 circum-
stance. 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 itisdry. Langley’s figures demonstrate mean-
while that the influence of aqueous vapour on the radiation

from the sun is insensible as soon as it has exceeded a value

of about 0-4. o iR S
Probably the same reasoning will hold good for car-

_bonic acid, for the absorption spectrum of both gases is of the

same general . character. | Moreover, the absorption by car-
bonic acid occurs atconsiderably greater wave-lengths, and
consequentli]r for’;;much‘iléss_iimportan‘t;;jpall'ts‘,.j:of' ~the "sun’s
spectrum_ than -the: absorption’s 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=04) to higher
ones, I AR b TRt L i A R T S WAL :

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 uantity:
of water-vapour be 10 grammes: per cubic: metre. (.

% (¥ EATE TR )

* \C_ﬂ. ﬂbov;, ages 246—248, and Léﬁg&ay’é cﬁgw;'e ;i;éhr ',‘the'aolar:sp'eii'-.‘- i
8/;. et d. Phys. sér. 6, t. xvii, pp. 323 and 326 (1889); -

trum, dnn. d.
¢ Prof. Papers,” No. 15, plate 12,

=Lifors
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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 {raction 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 the 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 Jjust 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 (1V.) we find this number
for different quantities of both gases. ;

. TaBLE IV.—Mean patk.;af the Eartly’s rays.

(oo |0 ok 0525 Lo 1l (4 g g
087|160 | ves | 1e4 | 1mr | 168
T e 165 | 161 165 | 151
16| 162 1-61 157 151 147
L oy e Apseee i o] BRRO L R 143
e 156 | 1b4 | 160|145 |- ora
il s 152 | sl | S 1er | 14d |10
85 148 [ 148 | i1ds Tag |

If :the: absoi-pfiou of - the! ,‘atmdsp‘he.ré-laﬁpfoa.ches ;zero; this

. number approaches the value 2.

Plil. Mag. . 5. Vol. 41. No, 951. April 1896, T
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II1. Thermal Eguilibfium 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 Wlth our present

wledge. ; 5 Al
kn%n oufjT deductions we will assume that the heat that is con-.
ducted 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 pro-
cess 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, nega- °

tive in the summer) must remain independent of the small
secular variations of .the-'su;face tleltnperature, and in the
~ course of a year be very nearly equal to zero.
Co}li]sewise{ve will sup}}r‘)ose th);t 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 timecon-
sidered, and we will also suppose that the clouded part of the
sky remains unchanged.

It is only the variation of - the _';J

temperature with the transparency of _the air that we shall

examine. & o
All authors agree in the view that there,
librium in the temperature of the earth and o
The -atmosphere must,therefore,” radiate" as. much heat ‘t,o
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 ground. On the otherhand, 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

?fev&ils an equi-

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 atmo-

~spheric. currents. .. For the radiation we will suppose that
4 ' (1858). =

[ e R

. Pouﬂlet, C’o@tes re'ndm, t. vi. p 41

its atmosphere. . ‘"‘J_

1]
e

{

.

i
} f

~and a are to be considered as constants,
and 6 and T as the dependent variables.
- Then we find for the column of air

* heat; so that'if A calories

tion of low temperature—strictly 15°; but as
 distribution of the heat varies rather slowly with the tempe-
- rature
. the terilperature. of the air. = Let the albedo of the earth’s
_ orust be designated by (1—v), and the quantities of heat that
_ are conveyed to the air and to the earth’s surface at the point

 lation is perhaps to take three months
~unit of surface we may take 1 cm.?, and
air that contained in ‘o column of 1 em.? eross-section and.
~——the height of  the atmosphere.

.‘,_;‘V‘Q.The first: member of  this equation represéﬁts ‘the heat

__* Langley, ‘Prof. Papers,’ No. 15, p. 122, .
“Moony”lim’e., i s, : :
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Stefan’s law. of radiation, whicli is now generally accepted,
holds good, or in other words that the quantity of heat (W)
that radiates from a body of the albedo (1—v) and tempera-
ture T (absolute) to another body of the absorption-coefficient
B and absolute temperature 8 is

W=18y(T—0"),

where « is the so-called radiation constant (1:21.10-12 per
sec. and em.”). - Bmpty space may be regarded as having the
absolute temperature 0*,

Provisionally we regard the air as a uniform envelope of
the temperature @ and the absorption-coefficient « for solar
arrive from the sun in a column of
1-cm.’” cross-section, 2A are absorbed by the atmosphere and
(1—a)A reach the earth’s surface. In the A calories there

s, 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 8 designate the absorption-
coefficient of the air for the heat that radiates from the earth’s
surface ; B is also the emission-coefficient of the air for radia-
the spectral

B may be looked on as the emission-coefficient also at

considered be M and N respectively. - As unit of time we
may take any period: the best choice in the following calcu-
for this purpose. As
for the heat in the

The heat: that is reflected
ground is not appreciably absorbed by the air
, for it has previously traversed great quantities
of water-vapour and ‘carbonic acid, but a part of ‘it may be
Let
¥ A, v, M, N,
B as the independent,

from the"
(see p. 252

returned to the ground by means of diffuse reflexion.
this part not be included in the albedo (1-=v),

A

Byt =PBy(T'—6) +aA+ M. ... . (1)

“ The Temperature of. the
T 9 e
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radiated from the air (emission-coefficient B, temperature 8)-
to. space  (temperature 0). The second one gives the heat
radiated from the soil (1 em.?, temperature T, albedo 1 —v) to
the air; the third and fourth give the amount of the sun’s
radiation absorbed by the air, and the quantity of heat ob-
tained by conduction (air-currents) from other parts of the
air or from the ground: In the same manner we find for the
earth’s surface '

Byv(T*—6%) + (1= By T4 = (1—awA+N. . (2)

The first and second members represent the radiated quan-
tities of heat that go to the air and to space respectively,
(1—a)vA is the part of the sun’s radiatjon absorbed, and N

the heat conducted to the point considered from other parts
of the soil or from the air by means of water- or air-currents,

Combining both these équations for the elimination of ;.

which has no considerable interest, we find for T¢
o @A+ M+ (- )AQ+N+N(I+1p) -~ Ko
i 7(1+v-—_~ﬁv) i
_ For the earth’s solid crust we 'may, without Eensible‘error',
- put v equal to 1, if' we except the snowfields, for which we

assume ¥=05. . For the water-covered parts’of the earth [

have calculated the moean value of v to be 0-925 by aid of the
figures of Zenker*. Wo have, also, in the following to make
use of the albedo of the clouds. I do not-know if this has
ever been méasured, but it probably does not differ very much
from that of fresh fallen snow, which Zllner has. determined

to be 078, 7. ¢. ¥=022. * For old snow the albedo is much
less or v much greater; therefore we have assumed 05asa

mean value,

The last formula shows f,hat, the tempei-a:tﬁ.x;erfof the . eérth-.

‘augments with 8, and the more rapidly the greater v is,  For

an -increase of 1°if v=1 we find  the following increases for

the values of y= 0:925, 05, and 022 respectively, :—

SR y=0096 C =050k Y092,
065 - 0944 0575 0275
0775 = = 0-9407 <+ (0-556 ' 0-267 -
0-85 093470 0535 . 0945
095 0928 1 0519 o iiigaggg
. 21000 T 009250 05005 0220

: - This reasoning .Loldé gdod_ if fhé:paft'ot' tﬁe;éﬁrﬁh’,s:sdrfajcé.i 5

b4 -

- % Zenker, Die ,T{'e}’_thea','luﬂg,_d;er. Wéﬁe'&uf M’E&daberﬂacbg J
 (Berlin, 1888)." : R

R

T I+v(I—-p) (3)

™

(see p. 253),
(un_coveyed) and T, (snow-covered surface) to be

~ mumber 5°7 is reduced to 4°0, But as a

~
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considered does not alter its albedo as a consequence of the
altered temperature. In that case entirely different circum-
stances enter. If, for instance, an element of the surfacé which
is not now snow-covered, in consequence of falling temperature
becomes clothed with snow, we must in the last formula not
only alter 8 but also v. In this case we must remember that
« is very small compared to 8. For a we will choose the
value 040 in accordance with Langley’s* estimate. Cer-
tainly 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 oty

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 a little greafer, so that these
circumstances may compensate each other. For 8 we will
choose the value 0:70, which corresponds when K=1 and
W =03 (alittle below the freezing-point) with the factor 1-66
In this case we find the relation between T

e, i AQ+1-040)+ M A(1+050—0-20) + M
b (T 1—070) v(1+0-50—0-35)
s L o 160+¢ 1:30+¢
b T30 0 TS

if M= $A.. Wo have to bear in mind that the mean M for

the: whole earth-is zero, for the equatorial regions negative
and  for the polar regions positive.  For a mean latitade
M=0, and in this case T, becomes 2673 if T=273, that is
the temperature decreases in consequence of the snow-cover-
ing by 57 C.t  The decrease of temperature from this cause
will be valid until ¢=1, 7. ¢. till the heat delivered by con-
vection to the air exceeds the whole radiation of the sun.
This can only occur in the winter and in polar regions. .

‘But this is a secondary phenomenon. = The chief offect that

-we examine is the direct influence of an alteration of 8 upon

the temperature T of the earth’s surface. If we star from a
value T=273 and 8=0:70, we find the alteration (¢) in the

0% Langley, « Temperature of the Moon,” p. 189. On p. 197'he estimates
3 g L

a to be only (0+83... . : i .
‘1 According to the correction introduced in the sequel for the different
heights” of the" absorbing ‘and radiating layers of the atmosphere, the
Eout half the :sky is clond-

_covered, the effect . will be only half as great as for cloudless sky, 7. e, the
" mean effect will be & lowering of about 2° C, :


David Archer
Note
badda-bing!  here's the ice-albedo feedback

David Archer
Note
K here is all the constants.  beta is the absorption of the atmosphere, fn(CO2).  nu is 1-albedo.  

David Archer
Note
Here Arrhenius seems to understand that the air radiates IR as well as absorbing it.  
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- lie very high.  From this cause both

- the air has a much
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(without alteration of theiz other

pactness, &c.), the ground will und
temperature.” Now it wil]

properties, as height, com-

be shown in the sequel that a
variation of the carbonic acid of the atmosphere in the same

proportion produces nearly the same thermal effect indepen-
dently of its absolute magnitude (see p. 265). Therefore we
may calculate the temperature-variation in this case as if the
clouds covered the ground with a thin film of the albedo 0-78
(r=0-22, seo P- 256). As now on the average K=1 and

=1 nearly, and in this case B is about 0+79, the effoct o the

h water as of solid ground (which is
approximately true, for the clouds are by preference stored

up over the ocean), we find g mean effect of, in round num-
bers, 60 p. ¢. of that which would exist if the whole earth’s
surface had y=1, covered parts are not considered
» these parts are mostly clouded to
about 65 p. c. ; further, they constituto only a very small
part of the earth (for the whole year on the average only
“about 4 p. ¢.), so that the correction for this case would not
exceed 05 p. c. in the last number 60. And further, on the
_border countries between snowfields and free soil secondary
effocts come into play (see p. 257) which compensate, and
perhaps overcome, the moderating effect of the snow.
n the foregoing we have supposod that the air is to be re.
garded as an envelope of perfectly uniform temperatire. This
is of course not true, and we now proceed to an examination

of the probable corrections that must be introduced for elimi-
nating the errors caused by this inexactness. It is evident
that the parts of the air which radiate to space are chiefly
the external ones, and on the other hand ¢ e layers of air

which absorb the greatest part of the earth’s radiation do not

the radiation from air
radiation of the earth
» are greatly reduced, and

reater effect ag protecting agninst the
loss of heat to space than is assumed in these equations, and

consequently also in eq. (3). - If:we knew the difference of
temperature between the two layers of the air that radiate to
space and absorb the earth’s radiation, it would be easy to

fo space (By#* in eq. 1) and also the
to the air (Byv(T*—8") in eq. 2)

introduce the necessary correction’ in formuize (1), (2) yand
3).. For this urpose I have adduced the following "con.
i —sideration, ¢ - S B TR S PR

As at the mean composition of the atmosphere (K=1,

orgo the same variations of (=


David Archer
Note
Arrhenius states that the radiative forcing goes as ln(CO2), which turns out to be true, but it's not clear how he knew this.  

David Archer
Note
Arrhenius points out the importance of the lapse rate to the strength of the greenhouse effect.  
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W =1) about 80 p. c. of the earth’s radiation is 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 enfering 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-coeffi-
cient if Pouillet’s formula is used for the caleulation. 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 3:05 millimetres
thick. If we now suppose as mean for the whole earth K=1
and W =1 (sec Table VL.), 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 heightf we must apply a slight
correction, so that the final result is 233 metres. 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 net wholly correct to
caleulate with Pouillet’s formula (it is rather strange that
Langley’s figures agree so well with it), which gives neces-
sarily 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. IFrom a measurement by r‘ingstrihn 1,
we learn that the absorption-coeflicients of water-vapour and
of carbonic acid in equal quantities (equal number of molecules)
are in the proportion 81:62. This ratio is valid for the
least hot radiator that Angstrém used, and there is no doubt

# Langley, “ Temperature of the Moon,” p. 186.

t Haun, M eteorologische Zeitschrift, xi. p. 196 (1894).

t Angstiom, Bikang Gll K. Vet.-oAk. Landl. Bd, xv. Afd. 1, No. 9,
pp. 11 and 18 (1889).
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that the radiation of the earth is much less refrangible. But
in the absence of a more appropriate determination we may
use this for our purpose ; it is probable that for a less hot
radiator the absorptive power of the carbonic acid would
come out a little greater compared with that of water-vapour

for the absorption-bands of ('O, are, on the whole less
refrangible than those of H,0 (see pp. 246-248). «Usin’g the

number 003 vol. p. c. for the quantity of carbonic acid in

the atmosphere, we find that rays which emanate fr

upper part of the air are derived):co the extent of 4% pl.ocmf'rt)}-lls
a layer that constitutes 0145 part of the atmosphere. " This
corresponds to a height of about 15,000 metres. ~ Concernin
this value we may make the same remark as on the forerroin§
value.  In this case we have neglected the absorption b?r the
's:na]l quantities of water-vapour in the higher atmosphere
The temperature-difference of these two layers—the one ab-
sorbing, the other radiating—is, according to Glaisher’s
measurements® (with a little extrapolation), abont 49° ¢!

For the clouds we got naturally slightly modified numbers
We ought to take the mean height of the clouds that are
illuminated by the sun.  As such clouds 1 have chosen the
summits of the cumuli that lie at an average height of
1855 metres, with a maximum height of 3611?1mtresgand a
minimum of 900 metres+. I have made ecaleulations l'o‘r
?;ean valufei of 2002 and EOOO metres (corresponding to dif-
erences of temperature of 30° C. °0. 1 1 of 42°(}

kit ;urface). 30°C. and 20° C. instead of 42° (!,
~ If we now wish to adjust our formule (1) t ' 7
in (1) and (2) to introduce @ as the mean get)np(:zr(ft)lisgeofhi]vlg
radiating layer and (6+42), (64 30), or (6+ 20) respectively
for the mean temperature of the absorbing layer In thJ
first case we should use y=1 and v=0-92 Spec )
the second and the third case v=0-22,
We then find instead of the formula (3)

9 respectively, in

Té— K
DT E 1Y,
14v(1-p)
another very similar formula
i K

zm,......(*I)

# -Joh, Miiller's Lelrbuch
(B-ll:aunschweig, 1894).

T According to-the mensurements o
till K, Sv, Vet-Ak. Handlingar,

d. kosmischen Physik, b*—Aufl, p. 539

of Tikholmi and Ha stiom, Bihasi
Bd. xii, A1d. 1, No. 10, p. 11 (fésstfm'


David Archer
Note
80% of outgoing IR is absorbed in the atmosphere?  What planet is Arrhenius from?
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formula (3).

. "~ easily calculated with:thehelp . of . formula (8) ‘or (4). Ac--
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where ¢ is a constant with fhé; values }}.‘88, 1'5‘3(,3 ?‘iﬁﬁi 1;%’2
espectively for the three cases”. In t 1stwa;1y we find the
;"olll:)wing corrected values ngchh reg;:sic}acrs) tetm % variation, oF
o, if the solid ground chan : :
%znégiggfgﬁce of a variation of 8 as calculated by means o

N
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IV. Calculation of the Variation of Temperature that would
ensue in consequence of a given Variation of the Carbonic

e AT

Acid in the Air.

We now possess all the necessary data for an estimation of
the effect on the earth’s temFerature which would be the
result of a given variation of the agrial carbonic acid. We

TaBLE V.— Correction 'Factoré for the Radiation. only need to determine the absorption-coefficient for a certain

place with the help of Table IIL if we know the quantity of

Olonds (v = 0:22) ata height of carbonic acid (K=1 now) and water-vapour (W) of this

Solid | yyater, | Snow, |00 place. - By the aid of Table 1V. we at first determine the factor

B= g:?ﬂ‘i‘?’ y=0925, ¥=0b. | ¢, \2000 . | 4000 m. p that gives the mean path of the radiation from the earth

0-65 53 1-46 095 |. 049 042 037

through the air and multiply the given K- and W-values by
1 . 47 | 040 | 035

75 | 160 | 162 | 095 | O

078 1

_this factor, Then we determine the value of 8 which corre-

- sponds to pK and pW. Suppose now that the carbonic acid

had another concentration K (e.9.K;=1'5).. Then we at first

: suppose W unaltered and seek the new valae of P, 8ay py, that

: is valid on this supposition. Next we have to seck 8, which

corresponds to p,K; (1'5p;) and p;W. From formula (3) we

can then easily calculate the alteration (¢) (here increase) in

the temperature at the given place which will accompany the

... variation of B from 8 to B1. In consequence of the variation

=+ (¢) in the temperature, W must also un ergo a variation. As

- ! the relative humidity does not vary much, unless the distri-

" | ~—bution of land and water changes (see table 8 of my original

3. memoir), T 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 8, which

may be regarded as definitive. .In this way, therefore, wo

. get the™ variation of temperature as’ soon ag we know the
- actual temperature and humidity at the given place.

. In order to obtain values for the temperature for the whole -
.. earth, I 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. 9., between 0°and 10°N. and 160° and 180° W),

' o 038 | 038

: : 159 | 095 | 046 38 | 0

| 085 150 | Tes.| 094 | 043 0% 031
Ol Y% | e8| a4 |io9e:| 041 ‘

ST AT

k ] ‘ o as a mean for the whole earth K=1and
I_E;vev:'l: we’:s,se‘:'ng‘%;,? and taking the clouded :part rt(; be
?;-5_ p’ c agd the clouds to hgvg .a hel’%lsiz rof(;fgoglg » T:r:ﬁ?é
8 ing the unclouded rema .of \
| fs'ﬁ:g:gz t: scs:r?slil;;géqually of land and water, we find as ayex age
ariation” of temperaturg SR . e o
: 1163 % 0-2385 +1°54 x 0°2385 + 0-39 % 0-525=0-979, -

- PR e . . ] t] ‘.
‘effect as we may calculate directly
?roxr%hzeagngfas%rg)e. .e» On this ground I have used,vthe
H L SRR S Y "v‘!‘j(". RPN
Sirrilrile{hgorf%l;];;{hlg}“r have 'remarke% ,;hataaclc{olll'g;l)gt ]:,:nrgi :
imation ir i transparent for dark .
estimation the air.is less arent | rc heat than. on
' ’ imate_and.nearly in,the, proportion;, 37°2 : 44.
| I];la:vglge:tte:&?:ﬂ%éncé fthisgdiﬁbx?en 3 Inay. exercise: is very

Yk e
1y L NEITROEY

i ‘ ’s “yaluation; th ﬁ‘ectxxshould. be nearly

: c%rdmg - tga{frnt 1‘3:, :écor‘dit’!‘“tp’j‘mne.-y;,va ow I think Iihat rlny
15p. c}-wg agrees better with the great absorption that gr;% («)ay S
estu;‘m nd %orhéat from terrestrial radiating bodies (see p. ¢ )y i
has fon 11 circumstances 1. have-preferred t.o shghtly_un ﬁ;r—
e ate.the effect:in.question. ..o gy i

s

the whole earth ; and I'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 quantifies I have tabulated for the four seasons,
zDec.-Feb.; March-May,- J one-Aug., and _Sept.~Nov. The
i detailed table and the - observations used are to be found in °
“my original memoir-: “here'I reproduce only the mean values

-~ for every tenth parallel (Table {)’I.).

* Buchan : Renort am +F~ Qadontifin T i pir e
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264 Prof. 8. Arrhenius on thev]nﬂ uence of Carbonic Ao i By means of these values, I have calculated the mean
. o \ | alteration of temperature that would follow if t}w quﬁntity of
. 2 ® @ ¢ = ¥ o o & / carbonic acid varied from its present mean value (K=1) to
. ;?atfn:ly{é 82 8x% 25 R R 88 S £ g another, viz. to K=067, 1'5, 2, 25, and 3 respectively. - This
2 ¢ calculation is made for every tenth parallel, and separately
g -s0) 3 -2 % o 0w ® v O o § [ % ~for the four seasons of the year. - The variation is given in
R e e - R - - - T % TabeVIL -~ " o
2 o o - | £ A glance at this Table shows that the influence is nearly
é j:lzf R S S - - E X & o 0 ! ¥ the same over the whole earth. The influence has & minimum
2 o N o e S ; * near the equator, and increases from this to a flat maximum
g | 4wl 28 2880 0w 2 2 § %’\«; “that lies the further from the equator the higher the quantity
*=> é ael S I I I - I of carbonic acid in the air. For K=0'67 the maximui:l
S - o © - S effect lies.about the 40th parallel, for K=1'5 on the 50th,
8 “_*’.;’,E;a» JROTE I § g_é g ; ;5_'; °'°,3 ; =1 D for K=2 on the 60th, a'nﬁ for higher K-values above the
~ - - 70th parallel. The influence is in general greater in the
N asofeyy| @ e @ 0 @ 8 @ e winter than in the summer, except in the case of the parts
3 puwgr| § R¥ 8 RER ® R K B ! _ that lie between the maximum and the pole. The influence
S I - P EC B - ~will also be greater the higher the value of v, that is in
< 'g ao | CERIRRIR R __general somewhat greater for land than for ocean. On account
| B | —deg - R . SO of the nebulosity of the Southern hemisphere, the effect will
S E I T TN S be less there than in the Northern hemisphere. An increase
| & "3_23“1. BTRR'E %888 8.1 in: the quantity of carbonic acid will of course diminish the
5 g |z TS — " difference in témperature between day and night. A ver
§ M e 2 8RR R R R R ..important secondary elevation of the effect will be produced
e g e L 4 in -those plz;i(}a]s that alter thei(r albegg7l))y t}ilehextensio&l or
AR ] T . ke e 1B e ~ regression of the snow-covering (see p. ,and this secondar
3 : ,“_°.§9¢ -8 8 R B F EE®RRRES 2 eﬂ%ctﬂwill probably remove the: maI;imum effect from lowe{
5 : ' : . o “parallels to the neighbourhood of the poles *, - o
S awotoy | 2 D 58 e W w A _. -1t must be remembered that the above calculations are
S jowseg | - 4 4 + + 4+ + found by interpolation from Langley’s numbers for the values
< ' - = p— ‘ -K=0'67 and K=1'5, and that the other numbers must be
S aog |18 .8 .5, 8. LB o . ..——Yegarded as extrapolated. The use of Pouillet’s formula
~ "5 dog | T+ T e T .~ " makes the values for K=067 probably a little too small,
- v Bt A . those for K=1-5 a little too great. This is also without
Bl §" ETRR O doubt the case for the extrapolated values, which ‘correspond
‘| 8 rARTNERE to higher values of K. - -~ . U
21 . : -=“We may now inquirehow great must the variation of th
R nay | 0 q Rt gr , 6 variation o e
SRR e - carbonic acid in the atmosphere be to cause a given change of
= -2 " the temperature. The answer may be founf by interpola-
g AR _tion in Table VIL--To facilitate ‘such an inquiry, we may
e “~make a simple observation. . If the quantity of carbonic acid
-a- - decreases from-1:to 0-67;the fall of temperature is nearly the
+.+; same as the increase.of temperature:if this quantity augments -
to'1'5..- And'to get & néw. increéase of this order of magnitude
(82:4)y it will “be_necessary to alter:the, quantity of carbonic

acid till it reaches u value nearly midway between 2 and 2'5.

TS A o P, Nt S 8

Seo Addendum, p. 275,
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thus if the quantity of carbonic acid increases in geometric
Inogression, the augmentation of the temperature will increase
nearly in arithmetic progression. This rule—which naturally

~ holds good only in the partinvestigated—will be useful for the
- following summary estimations.

5. Geological Consequences.

I'should certainly not have undertaken these tedious caleu-
lations if an extraordinary interest had not been connected
with them, In the Physical Society of Stockholm there have

. been occasionally very lively discussions on the probable

causss of the Ice Age; and these discussions bave, in m
opinion, led to the conclusion that thereexists as yet no satisfac-
tory hypothesis that could 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
view hitherto has been that the earth has cooled in the lapse of
time; and if one did not know that the reverse has been the
case, one would certainly assert that this cooling must go on
continuously, Conversations with my friend and colleague
Professor ﬁﬁgbom, 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
- ucid on the temperature of the earth. - As this estimation led
to the belief that one might in this way probably find an
. explanation fur temperature variations of 5°-10° C., I worked
out the calculation moré in detail, and lay it now before the
public and the eritics, +- - o T - '
- ' From" geological researches the fact is ‘well established
that in Tertiary times there existed a vegetation and an
‘animal life in the temperate and arctic.zones that must have

&= 777 been conditioned by a much higher temperature than the

“present in the same regions *. 'Lhe 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
ucceeded, - and ‘ this - was ‘one or more times interrupted by
-interglacial periods with a climate of about the same character

" “asthe“present; sometimes ‘even ‘milder, - “'When' the ice ace
: 2P y . g

.had-its’ greatest :‘extent, the ‘countries' that now ' enjoy the
“highest" civilization : were~ covered . with' ice. "' This' yas the

;caso with Treland, Britain (except a small part in the south),

‘Ho ark;>Sweden and‘ Norway, Russia (to Kieyv,
HU R e PR s Ll D0 0 DY .

> i :zfz'*{"‘

zig, 1887 ; and
‘ at Ice-Age,’ 8rd ed, London, 1894 ; athorst, Jordens
istoria, p: 989 ~Stockholm, 1894, .;; , S W SRR
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reverse would be the cage’

@ equator), if the carbonicacid diminished in-amount,- Byt
in hoth these cases I incline to think that the secondar
- action (see p. 257) due to the regres
snow.covering ‘would play the most important réle. -The
" theory demands also that, roughly speaking, the whole earth
should have undergone about the same variations of temperas
ture, so that according to it genial or glacial epochs must have
ocourred simnltaneously 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 Noithern liemisphere,.: The ocean currents, too, must
there, as at the present time; have effaced the diffe
temperature at different latitudes to a greater extent than in
the: Norfhern:hemisphere;f’ -This effect also results from the
greater nebulosity in the arctic.zones than in the neighbour-
~ hood of the equator. .
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David Archer
Note
Arrhenius estimates that it would take an increase in CO2 by 2-3 times to reach a hothouse climate, and sink to 150-170 ppm to get the last glacial climate.  The glacial pCO2 has since been measured in ice cores to be 180 - 200 ppm, very close to Arrhenius' prediction.  Arrhenius' climate sensitivity was close to the 5 °C that Hansen predicts for slow climate transition such has the glacial cycles, in which changes in the ice sheets with their albedo forcing are considered a response to changing CO2 concentration.  His estimate of the temperature difference between glacial and interglacial is also presciently close to our estimates based on tracers such as Mg/Ca and oxygen isotopes in CaCO3 shells in ocean sediments.  Therefore his estimate of the glacial pCO2 is not far off.     
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David Archer
Note
Arrhenius recognized the possibility of an anthropogenic change to atmospheric CO2, but says it would take 1000 yr to double atmospheric concentration.  His estimate of the global release rate was about 0.5 Petagrams of carbon per year (PgG C/yr), similar to the estimate that carbon cycle modelers use for 1890 of about 0.3 Pg/yr.  Arrhenius neglects deforestation as a net source of carbon, considering only coal combustion.   
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As the question of the probability of quantitative variation
of the carbonic acid in the atmosphere is in the most decided
manner answered by Prof. Hsgbom, there remains only one
other poiut to which I wish to draw attention in a few words,
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opinion that a change in the transparency of the atmosphere
would possibly give the desired effect. According to his
calculations, “ a lowering of this transparency would effect a
lowering of the temperature on the whole earth, slight in the
equatorial regions, and increasing with the latitude into the
70th parallel, nearer the poles again a little less. Further,
this Jowering would, in non-tropical regions, be less on the
continents than on the ocean and would diminish the annual
variations of the temperature. - This diminution of the air’s
transparency ought chiefly to be ‘attributed to a.greater
quantitiy of aqueous vapour in the air, which would cause
‘not only a direct cooling but also copious precipitation of
water and snow on the ‘continents. The origin of this
© greater quantity of water-vapour is not easy to explain.” De
Marehi has arrived at wholly other resnlts than myself, because
he has- not: sufficiently considered the important quality of

+*. And, further; 'he has;forgotten that.if a ir’

- pliedto  the’atmosphere, it will be condensed  till, the formei’:
condition ¥ réiched, if nd'other thange has taken plade. '+ As”
wehave ‘seen] the’ mean relativé humidity between' the 40th'
and 60th’parallels ‘on the northern hemisphere is:76 per cent.
If, then, the mean temperature sank from its actual value + 53
by 4°=5° C.;1.’e. to:+1°3 or '+ 08, and the aquéous vapour
remained in' the air, the relative bumidity would increase to
101 or 105 per cent:‘ This is of ‘course impossible; for the’
relative humidity cannot exceed 100 per‘cent. in the free air.
A fortiori: it "is!'impossible to assume “that the ‘absolute
humidity could have been greater than’now in the glacial

ypo
L
Whick' Croll’s hypothesi
efii?a niatural. chro

-~ the point=of: view:Lof 1]
" present state of these
to be*wholly rantenablé aa’ ‘well:
“ .. consequences?™’®; zj uun)

- . It seems that: the

zy
nee: the.h

n

thqsis ‘of ' Croll, seems’

ringiples as in’ it

selective absorption . which is_ possessed by aqueous vapour. ™~
queous vapour is sup- .

Nebulpeityl o .| TReduction factor, ,‘K=O"67; R=145 A
23] . . i TR
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against the theory, because it becomes more and more im-

ossible to reconcile the chronology d d s
I?ypothesis,with the facts of observafi{n; emanded by Croll's

o1 trust “that after what has been said the .

o1 trus : theory  pro-
;sngéi ;n; t:xe foregoxlng nagesi will prove useful.in ex ailfil:g
: ‘points in geo . climatol i i
provedmos diﬂic% lt :(%\ ~chimatology which have hitherto

tret,

e ,E.h\m*. o
... As the nebulosity is very dierent in different latitad
.and also different 03;1‘ the gi’aa and’ over the zgglgnifrllttlstugteiss,
~“evident that the influence of a variation in the carbonic acid
,i;(of _the air will be somewhat different from that calculated
. above, where it is assumed that the nebulosity is the same
Jover the whole globe. I have therefore estimated the nebu.
des with the help of the chart published

“losity at ditferent latitu
by Teisserenc de Bort, and calculated ‘the following table 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 quan-
tity.  In the first column is printed the latitude; in the second :
and .third the nebulosity over the continent and over the ’
ocesn; in. theyfourth the extension of the continent in hun-
dredths of the whole area. After this comes, in the fifth and
7" sixth columns, the reduction factor with which the ﬁgures in
{ the tableare to be multiplied for Eettmg the true variation of
temperature over continents and over oceans, and, in the
geventh 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 corre- o
spondmg values for K =15 are tabulated.
The mean value of the reduction factor N. of equator is for
the continent (o 70° N. lat.) 1-098 and for the ocean 0-927, in.
“mean 0:996." . For the southern hemisphere (to 60°.8. lat) it
-+ js7fog ind to b for the. continent’1* 095, for the ocean'(0*871,in -~
, mear 0 997 The influence in the_ southem ~hemisphere w1ll g
X re,; be_ about 9, per cent :less” than “in_ the : nortbern.‘
In® consequencé of‘the minimun “of- nebulomty between -:20° =
- and~80%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
oilK =067 and K=1-5.. ’
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XXII. On the Caloulation of the C’onducthty of Mixtures of
Electrolytes.. .- By Prof. J.: G MACGREGOR, Dalhousze
College, Halzﬂzw, N S* Pt e e

4 ARRHENIUS has deduced'l', as one of the consequences b
of the dissociation theory..of electrolytm conduction, " -
-that the condition; which -must'be fulfilled. in -order: that tWD%
aqueous  solutions of single. electrolytes; whxch have: one jon
t.in common'and which undergo ange of volume on being
‘mixed, ‘may be isohydric, s, esms n\a‘bemg mixed undergo
no change in their state of dissociation ‘or +ionisation, is that
he'. conceéntration of ; lons,‘“‘ $the” number of ‘dissociated
amme-molecules ] per unit of;volume, shall be thesame for’
_.both_solutions. . He .cbtained wth]s result by,combmmg the -
'fj‘ equations of kinetic ethbrlum for the conshtuent electrolytes
before and after mixtare.:: sy gl
Accordmg to the labove heory, the_ speclﬁc conduchwty
of a mixtare of two ‘solntlon f. eIectrolytes '1 and'2, whos
TN ?‘“’"n‘} ?"M”& s Iy ¢

ea& before the Nova Scotian Instxtute of Scx :
n the 9th of December, 1895, Communicated by the Author, e

.Zac]. : f phynkalucﬁe C'hemu,;r'l,_m (1888) ne Author,
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