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Tuis paper is a revised and enlarged translation of a paper in Swedish,
“Om klimatets #ndringar i geologisk och historisk tid samt deras
orsaker,” published in Fmer (a journal edited by the Swedish Society
for Anthropology and Geology), Stockholm, 1899, p. 353, It is an
attempt to apply the results of physical, astronomical, and meteorological
resoarch in order to explain the secular changes of climate as recorded by
geology and by history, I have in this paper endeavoured to avail my-
solf of the works of eminent physicists, astronomers, and meteorologists,
though I have not always accepted their results unaltered, For owing
to the intricacy of the problems it may happen that a solution, mathe-
matically and physically correct, does not correspond with the cosmical,
goologicsl, and meteorological facts it was intended to explain. Though
not very familiar with geology, palmontology, or biclogy, I hope that,
owing to the kind assistance of friends, T have been able to aveid mis-
leading errors in that part of the matter. Several valuable treatises
and other papers on geology have been eonsulted. I have gought
throughout to do full justice to geological and biological evidence
compared with that furnished by astronomy and physics.

For some leading ideas I am specially indebted to my good friends
Prof. Svante Arrhenius and Dr. Gunnar Andersson.

On nccount of the simplicity and clearness of the metric system
1 have used it throughout, as well as centigrade degrees. .

This paper is presented to the Royal Meteorological Society at its
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Jubilee on April 8, 1900, as a humble expression of homage and
gratitude by the author,
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1. Introduction—On the general couses of chamges of temperabure,

The phenomena of weather are of four prineipal classes, viz. those
depending (1) on heat and light; (2) on water; (3) on air
or wind; and (4) on electricity. Of these, the fii
important, and is generally the cause of the others, lig
development of heat. The heat economy of mnature is.t
chapter of every inguiry on climate, and temperature-is the most
important element of weather and climate. Temperature being also
the element most easily examined and best known, I shall confine my
inquiry to it. Thus the temperature of the atmosphere, of the ocean,
and of the earth’s surface determines, directly or indirectly, our climate.
The temperature in its turn is determined by the insolation, i.e. the
radiating energy (heat, light, ete.) of the sun, absorbed by the earth,
and by the radiation from the earth into space, these two radiations
being generally equal. But if the one varies without a proportional
variation of the other, the temperature, and with it the climate; of the
earth will undergo a general and radical variation, and wice versd.

As will be shown further on, the solar constant, é.e. the heat
radiation” of the sun, has probably not undergone any serious changes
during the time our earth has heen an abode for life. But on the
other hand, the transparency of the atmosphere for heat radiations of
different kinds, and with it also the radiation from earth into space,
have no doubt varied considerably, and thus produced the great climatic
changes evidenced by. geology.

Purely astronomical causes, such as the secular or long periodical
changes of the eccentricity of the earth’s orbit and of the obliquity of
the ecliptic, are to be considered only in the second place.

Adhémar, Croll, Schmick, and others have tried to explain the
Ice Age, though in a somewhat different way, by the difference in
length of the summer and the winter halves of the year during the periods
of great eccentricity of the earth’s orbit, when the difference may
amount to somewhat more than a month (35 to 86 days).. But this
explanation is untenable, for the simple reason that the total amount
of heat which the short summer of the one hemisphere receives from the
sun is equal to that which the long summer of the other hemisphere
receives, Now, as the summer heat of our epoch, when this season has
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ERHOLM~-ON THE VARIATIONS OF CLIMATE 3

nearly its normal length, is more than sufficient to melt complotely the
winter snow in the regions of the earth which once were covered with
ice, it certainly must be so even if the same quantity of heat be dis-
teibuted over a somewhat shorter or somewhat longer space of time,
And, in fact, the explanation of the Ice Age given by the above-named
authors has not stood the test of seientific examination! Yot it seems
unquestionable that the long-period variations of the eecentricity of the
earth's orbit, and those of the length of the four seasons following from
them, will exert some influence on climate.® Tf, for instance, the
summer be short and hot, and the winter long and cold, the climate
will have quite a different character than if the swmmer be long and
cool, and the winter short and mild. It will be a difference, as to
tomperature, esseutinlly of the sume kind as that between the climates
of Siberia and of England, i between the continental and the maritime
climates. It is, however, doubtful if geologists have as yet discovered
the traces of such periodical climatic changes as these, which, perhaps,
are not very obvious®

On the other hand, F shall prove further on that the long-period
variations of tho obliguity of the ecliptic have produced very marked
periodic climatic changes in the north polar avea, and south of i, at
loast as far as 55" N, and that these changes have left evident traces
in the history of the earth, which already have been observed by geolo-
gists and botanists. It must be borne in mind that during the varia-
tions of the obliguity of the ecliptic the axis of the sarth maintains
its position in the earth itsell invariable, the geographical position of
any place on the earth's surface remaining undisturbed.

The case would be quite different if any considerable displacement
of the axis of rotation relatively to the earth’s figure had oceurved.
Then the climate of any place might be so radically altered that the
pole, for instance, might change its climato with a place near the
equator.  Many geologists have supposed such changes as possible
explanations of the great climatic variations of the geological past.
But as the inquiries of modern geology unanimously indicate that all
great climatic changes have oceurred simultaneously on the whole earth,
thess changes cannot be explained by displacements of the poles, which
wonld not alter the climate of the earth as a whole, but only transfer
the climatie zones to other parts of the earth. Thus, even if such a
displacement of the poles were mechanically possible, which is doubtful,

v 1. Hann, Mowbluch dev Klimatologie, 2t Auflage, erstor Band, Stutigart, 1807,
p. 370 and folloving.  Aleo the present climatie state of the planet Mars seems to prove
‘that a grest eooentrisity B unsble to preduse an lee Age. For though the summer half-
your of the southern hemisphers of Mare has n length of only 308 days, and that of the
worthern hembsphere ooe of 881 days, yet the white polar caps are melting away nearly
eomplotely exery summer in both bemispheres. The plunet passes its perihelion 30 days
hislors Uhe tuidseramer of its south pole, and the insslation In the peribelion bears to that in
the aphelisn a ratio of 1+46.  Thus the eontrast dus to eccenlrieity is at present greafer on
Men than it bae over been on the earth,

4 3. Husw, 4o

 Acomeding to the opinlon of some geologints and botanists, especially of J, Croll and
Axel Bigtt, theve elimatis ehanges would also manifest themselves as changes in the rainfall,
thos alimrnatsly prodncing dry and wet perioda.  As it stems to me ab present impossible
gither & confirm or tp disprove that opinion hy means of physical or meteorological
argnments, it may b bR 1o fature researches, aud so much the more ns the geological and
basamben) Tacts ponsbdensd by Croll, Blytt, and thelr followers are still much in dispute,
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we should nevertheless have no reason to enter on a discussion of that
subject abt present. -

In the beginning, and about the middle, of this century it was a
common opinion among geologists that the interior heat of the earth had
materially contributed to the warm and uniform climate of the earliest
geological periods. We shall see if there may possibly be any ground
for this idea,

Once in primeval ages the sarth must have been on the same stage
of development as the planet Jupiter is at present, It was then
surrounded by a very dense atmosphere, in which all water was
suspended in form of vapour. The quantity of water heing 244 times
that of air,! the atmospheric pressure was then 245 times as great as at
present, 4.e. 245 atmospheres. Now, the critical temperature of water
is 365° C., and the critical pressure 200 atmospheres. Accordingly, as
long as the temperature of the earth’s surface was above 365° C,, the

water immediately over it was maintained in the form of vapour, ancl
the cooling was produced by convection by means of atmospheric
currents and by thermal radiation at the upper limit of the atmosy]
Owing to the radiation, the upper strata of the:vapour at [f
condensed to thick and perfectly opaque clouds,—as 18 now the case
with the atmosphere of Jupiter,~—and enormous showers were falling
oceasionally to the surface of the earth, producing spheroidal, or Leiden-
frost, phenomena on a gigantic scale with violent explosions, and prob-
ably also voleanic eruptions, all which aceelerated the cooling of the earth.
This cooling was probably going on still faster as soon as the tempera-
ture of the surface had fallen below the critical temperature of water,
for then the vapour would be condensed into a layer of water always
increasing in thickness, and the atmosphere would become gradually
transluecid, so that heat would radiate directly from the surface of the
water into space. As we know, vertical currents always arise in a mass
of water heated at the bottom and cooled at the surface. These
currents carry heat from below upwards, and thereby the whole ocean
was rapidly cooled down to the temperature which it must finally
assume as soon ag equilibrium had been established between the heat
roceived by the ocean from insolation and that lost by it by radiation
into space. We find by caleulation that it lasted only some hundred or
at most one thousand years, till the ocean, after having taken the liquid
state, was cooled down very nearly (within £;° C.) to its final tempera~
ture.? OQut of this time only a relatively little part was needed for

1 According to Kriimmel, the quantity of water smounts to 1285 x 10 km® Thus, if it
were mniformly spread over the whole surfnce of the globe, it wonld have a depth of 2520
metres, and the pressure of an atmosphere is exercised by & stratstm of water 104 metres desp.
The mean depth of the present oceans is taken ag 3440 m. B

% Let m denote the mass of the ocean, T, its absolute final temperature, 8 the nurber of
calories which the ocenn receives from the sun in one year=-that which the ccean at the
temperaturs T, radiates into space in one year, according to Stefan’s law of radiation, log
Briggs’ logarithm, M its modulus, @ the time in years, and T the absolute temperature of

the ocean ab the time @, further a;,, the number of years required for cooling from the
absolute temperaturs T, to the absolute temperature Ty, we shall have

™
- —mdT=§ (’I? - 1)(1&

from which by integration

. _Z’P?O{ Ly are tan Dty -k
g = | AT tan are tan 'l‘(,+§ﬁ log

T,-Tp Ty+Ty
Ty LT

Ty+T, Ty~T,
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cooling frqm the critical temperature to 100° or 90° C., the temperatures -
at which life could begin to exist in the water,

But the cooled ocean in its turn cooled the bottom, and this by
consequernce contracted much more than the inner nucleus’of the earth
so that frequent fissures, and with them volcanic eruptions, arose in thé
cr:u'stgl .zmd a part of the water was pressed down into the fissures
giving rise to a great many hot springs at the bottom of the ocean.
Owing to the feeble conductivity of the crust, this state might last very
long, probably many millions of years, and during that time the lowest
organic life might reach a relatively high development. During all
that time voleanic forces were thus very active, and caused local heatings
of the lowest layers of the water, which might have been very im-
portant to the life of some inferior organisms. DBut certainly the
voleanic forces were much too feeble to cause any sensible heating of
the whole oeean.

When these conditions had continued long enough, the bottom of
the ocean and the earth strata under it to a considerable depth had
been cooled down to temperatures which did not further vary sensibly
with time. Thus a permanent state ensued, during which the heat
brought to a stratum by conduection from beneath was exactly sufficient
to supply the heat lost by conduction to the upper strata, and from the
uppermost conducted to the ocean. By consequence, the volcanic forces
entered on a time of repose, for the erust was no longer split by con-
traction relatively to the nucleus. But then gradually an opposite
state arose in the crust, For the inner nucleus was always losing heat,
and its temperature, in consequence, continually fell, though extremely
slowly, whereas the crust maintained its temperature unaltered. Con-

Now, as shown further on (Chapter 3, p. 19), we may put, corresponding fo the present
conditions of the earth, T,=288° ¢, and 8=2720 % 86524 x 51007 x 10’8 gram-calories,
51007 x 108 heing the area of the earth’s surface in square centimetres. From henca,
using Kriimmel's value of = given above, we find mf8=09590. This means that it takes
09590 of a year to lower the temperature of the ocean, when it is 15° C., by one degree Centi-
grads, Then putiing Ty=278+15=288° C.,, ;=278 865 = 638> ., and Tp,=278 +15'1=
988°1 (., the above formule gives @y,,=480 years, And for the cooling from 90° to
50° C., for instance, we find ¢, =40 years, In the above calculation it was assumed that
hest radiatad divectly from the ocean into space ; but, as will be shown further on (Chapter
8, p. 14), the atmosphere absorbs « considerable part of the heat radiating from the ocean,
and the phenomenon is going on just as if all heat radiated into space from an atmospherie
layer of considerable height, and th araforé at a much lower temperature than that of the ocean.
In this ease, if we assume corresponding values of Ty and 8, T, designating now the ahsolute
temperature of that layer, it is easily seen (of. the explanation given below, Chapter 8, pp. 19
and 20), .that the above formula still remains true if we lower also Ty and Ty as much ag
we lower T, Thus lowering these three temperatures by 46° C,, and taking for 8 half the
ahove value, which corresponds approximately to the present state of the atmosphere, we find
the tims required for a cooling of the ocean from 365° to 15°-1 C. to be 790 years. It is prob-
able that the absorbing power of the atmosphere was greater then than now, owing fo the great
quantity of water vapour in the atmosphere, and accordingly the time required for cooling
the oceam, from tho critical to the final temperature, may have been somewhat more than a
thonsand years. Bub we observe that the greatest part of that time was occupied in the
cooling in the vicinity of the final temperature, as indicated by the formula, and, in con-
sequence, that the ocean did not remain practically hot for more than soms hundred years.

1 Ag shown by Lord Kelvin (Mathematical and Physical Papers, vol. iii., London, 1890,
p. 812 and following), the earth’s nucleus is ab least as rigid as steel or glass, in spite of its
high temperature. This is explained by the enormously great pressurs :m‘cl high t.ex‘npemt-ure
by which the magma, though physically fluid or gaseous, obtains a viscosity or rlgldlty even
greator than that of a solid at ordinary temperature, As soon as the pressure is sudc}enly
diminighed by the formation of & fissure, the magma becomes really fluid in the ordinary

sonse and is pressed up violently.
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sequently the crust now expanded relatively to the nucleus, and by the
action of gravity crumples weve formed on it. In this way arose the
first mountaing and continents, which gradually lifted themselves above
the level of the ocean. We will come back to this further on.

I shall now show that the conductivity of the crust is so in-
significant that the heat brought by conduction from the inner ho
nucleus to the ocean and atmosphere is entirely negligible compared
with that supplied by insolation, and consequently cannot produce any
sensible rise of temperature. , The conductivity of primitive rock is at
least thrice that of stratified rocks or deposits, such as sandstone, lime.
stone, or marble ; nevertheless it also is so insignificant that the primi.

tive rock (granite) ought to be at a red-heat (1000° C. above thé surface
temperature) at a depth of 30 metres,! in order that the yearly
quantity of heat furnished from the crust should amount to as much as
the solar heat absorbed by the earth’s surface and the lower atmospherie
strata during the same interval. For a stratified rock the corresponding
depth would be scarcely 10 metres. But it is very improbable that so
great a rate of increase of the temperature with
oceurred. And if so, it was certainly at the time w

of the crust was higlher than 865° C., and’ all the water was in form of
vapour suspended in the atmosphere. For if the- ocean had remained
on so thin a crust, and that beneath it had heen a glowing hot mass, the
crust would have been incessantly torn in pieces by volcanic eruptions and
explosions, until, by the cooling influence of the water, the temperature
of the upper strata of the crust had immediately fallen so much as to
malke the rate of increase of the temperature with depth nearly as slow
as in the present time. And even if this rate had once been much
greater than now, which is improbable, the quantity of heat furnished
from the interior of the earth would still have been nearly negligible
compared with that of the sun. If, for instance, the temperature of
primitive rock at a depth of 300 metres were 100° C. above that of the
surface, the heat coming from the rock would be only 13+ of thal from
the sun.

Thus it results from the above that during the time organic life has
existed on the earth the inner heat of the globe has not been able
sensibly to raise. either the mean temperature of the ocean or that of
the air.®  On the other hand, local heatings, as said above, in form of
hot springs both on the sea hottom and the ground, may have played a

* considerable part for the organisms which thrive best at a high
temperature. And as undoubtedly some centuries elapsed while the
ocean was cooling down, we may assume that such organisms already
then hegan to appear in it. If it be so, they will undoubtedly represent
primeval life on the earth. ‘

1 In this calenlation I have used the coefficient of conductivity 0582 gram-calories
per minute, em. and centigrade degres determined by Prof. Th. Homén in Finland 3 Dew
izéglz;:cilse :{I;%;ma-m)watz im Boden und dic Wirmestrahlung swischen Himmel und Erde, p, 84.

2 Llord Kelvin, by a somewhat different way of reasoning, has arrived at a similar result,
W. Thomson, “On the Seenlar Cooling of the Earth,” Transact. of the Roy. Soc. of
Edinburgh, 1862 ; W, Thomson and P, G, Tait, Treatise on Natural Philosophy, vol. L
port if, new edition, Cambridge, 1883, p. 448 ; W. Thomson, Mathematical and Physical
Lapers, vol. iii,, London, 1890, p. 295.

§ According to the Danish Prof. Eugen Warming (Lehrbuch der Skologischen Prlan-
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Fioally, T aball point out a thing which powibly may have played
some part in vegetation during the older geological poriods. No doubt
Jupiter was thon soll-luminous, and its sutlace nearly as hot as that of
the sun, and the beat and bght vadiated from this great planst to the
earth, though, of coupse, much feobler than that from the sup, was
perbags nob quite without influsnoe,

4. ivologuenl chromology - The probabie duratewn of Dife on the eavth,

Bofors beginning the atudy of the history of the climate on the
earth, it will b desirable 1o fix a tolorably reliable chronology.

I here wo sak the Jeading geologists, the amswors run as follows.
From the denudating foree of rivers on strutified rocks Phillips has
caloulated that the age of thess vocks s from 38 mitlion W B6
million years! Sir Archibald Goikie ® makes tho following ealeulation.
The rate st which strasified deposits are formed varies from 1 foot
in 730 years to | fool in 6800 years, and as the total thickness of all
anch strata, where fully developed, may be estimated 1o about 100,000
foot, wo find the time elapsed during the formation of all such strata
tor e botween T3 million and 680 aullion vears ; and an oow strata s
alen to a groat extont Jonlt up from the detritus of older ones, thesse
nitmdsers are minimum values, My aleo taking this latlor arcumstance
inta aecount J 0 Bederholm * found Lhe sme interval 1o lis hetwesn
300 million and 1000 millon yoars,

The following caleulation of the age of the ocean was mads by P.
Mollard Reads, and commnnionted by T. C. Chamberlin,® The present
quantity of common salt {sodinm chloride) in the ccean is ealoulated to
be 35,990 billion tons, and the yearly magagﬁga from the rivers 218
million tons, Bupposing the yearly supply to bave beon formerly the
somgengrapias, ealin, VEMA, g 100, DERY Uhe Sebisplypen (Wnioh-green ol 0 & vory
arseniiies siage) Sries wull b bed waler of 5 Seongeratove whove B O, g Nerth Awerie,
2 slbestons ourk, Thows ulgw gee greeinyg b waler 88 Soem 507 4 B
wabomims of proslive alpe ge Ge o pep Sk vof Wb et !
smys Worsahng, Ths #0000 mein potmitive sulpborio bestaln Sl weowlor I hoells i
Bt wptiags bo Sagman Vb uh Sesngeratuams bt §3° @l e 4 W hpunal,
S s e Rethosauionsmbilibany wesd e Belwgfellomierion dor Phoroan v ¥ amly
ls Wi, voyrimiod Yromn Yhe Josvwnl of e Chilege af b, famp, Usdeann, Tolign
Dupess, vah. 5o guert W, 18T Abes a veriislde geesn slp, o warhely of Chafron wsgor, o
sy » s Wber argysion, b g i e w8 T4 0 (Jovopline B Tl
o {ibrsaibons o woms W A Themal Slge” to Phe Bstpuion! Gasits, wih. B850,

i L, Utesgn, A 9o the v il Yoortm, Sy wam wppt, 96 buown, ol
oy, W s ol 9 et growiog b Y earth o bigh Yew
sy wapear 8% 1P ., bl waly sy frem Gee sl & balf e dls
ik sl s Dok v mny spes smlnen 1) sect Sigher Seus
ol m Gl a VR e §70° 00, bt anly @gm o mm e (Card Chitstber, fin sy A i
Hvadiam dier Bndipwisgin, Lapoie, 1905), A wuan o g
Y s errmnientiingg e, o deag
showiulo gepn, - G000 € {

s

tev, . B81L  Prel €. Lage

e Vi abvike i, :
e il b0 wedests M witsunsen of bempeoature Burtag Ve
a ,

ﬂﬁmmft Lifs o B Bovth, Bads Lawture, 1560, p. 119, shed By O, B
Kb, wul, wnwie, 1088, p. 490,

|

B poliledd Gollin, Suyet of the Beididh N, Eiblobumsgh, JR00 i 18,
B3 . Sedwbibm o Yhe joorss) Neberem, May 15, 1M, H Ve
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same as now, we find from this that it has taken 166 million years for the
ocean to obtain its present quantity of sodium chloride. Now, on the
one hand, we might possibly suppose that the yearly supply was
greater in the oldest times than now; but, on the other hand, we
know that enormous quantities of salt have crystallised out from the
ocean and are forming thick layers of rock-salt. Thus the calculated
time is rather too short than too long.

A, G. Nathorst' gives us a statement that enables us to make an
approximate calculation of the time elapsed since the Silurian period.
The contraction of the radius of the earth, owing to the secular cooling
from that epoch to the present time, is estimated to at least 5000 metres.
From this we first calculate the diminution of the mean temperature of
the earth during that time to be at least 16° and at most 40° C.*
Furthermore, we may caleulate that, with the present conduction of
heat, it will take at least 3 million, and perhaps as much as 11 million,
years, before the mean temperature of the earth is lowered 1° C.3 Hence
it follows that from the Silurian period at least 48 million and perhaps
as much as 440 million years have elapsed. o

Another estimation of the contraction of the vadius: of the “earth,
due to Hein, would give values more than ten times as great as the
above, for according to him this contraction, during the formation of
the Alps, would be as much as 57 kilometres—a value which, however,
is probably too high.4

Lord Kelvin® has caloulated the secular cooling of the earth in
another way and obtained smaller numbers—probably about 24 million
years, according to the latest published estimate ; whereas his first cal-
culation gave more than 20 million and less than 400 million years, and
probably about 100 million years. But the calculation of those results
is based upon the following assumptions. Lord Kelvin starts from the
hypothesis that the earth was once a glowing, melted mass, having the
same temperature (v, + V) throughout, and being continuously cooled by

1A, G, Nathorst, Jordens historia, Stockholm, 1894, vol, i. p. 831 (*History of the
Earth,” Swedish, partly translated from M. Neumayr, Erdgeschichte, 1st edition),

2 If we suppose the coefficient of linear expansion of the earth for one degree centigrade
to lie between 0-00006 and 0:00002, The former value is probably, considering the high
. average temperature of the earth, nearer the truth.

% Ifor the calemlation we ought to know the specific heat on an average for the whole
earth, ax well as the thermal conductivity and the rate of increase of the temperature of the
crust downwards (=ths geothermal gradisnt) on aun average for the whola surface crust.
The specific heat of the upper crust is about a half per unit of volume ; that of the deeper
Inyers is probably greater. I have taken a half as a minimum value. From the laws of
thermal conduction it follows that the geothermal gradient, when once a permanent state has
commenced, will be approximately proportional to the reciprocal valne of the cosficient of
thermal condnetivity, and therefore we ought to use corresponding values of thess two
consgtants by caleulating the average conduction through the erust; but this meets with
difficulties, as the goologists ordinarily determine only the former and the physicists unly the

latter., The mean thermal gradient is said to be 1° C, for 25 to 38 metres, and the co-
efficient of the thermal conductivity may be assumed to lis between 0001 and 0'003

g‘_l_.,..__.._&:’m"“';l‘;ries, and its probable value ought to be about 0'002, i.e. a little greater than

that of marble,

4 Brdgeschickle, von Prof, Dr. Melchior Neumayr, 2te Auflage, neubearbsitet von Prof.
Dr. Viktor Uhlig, erster Band., Allgemeine Geologie, Leipsic and Vieuna, 1895, p, 382,

5 W. Thomson, Transact. of the Roy. Swe. of Edinburgh, 1862 ; Muaihematical and
Physical Papers, vol, ifi, p. 295, London, 1890 ; W. Thomson and P. G. Tait, Treatise on
Natural Philosophy, vol. i, pt. il, new ed., Cambridge, 1888, p. 448 ; Nufure, vol, i, 1894
1898, pp. 438-40,
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thermal conduction from the interior outwards te the surface, where
the temperature is supposed to have a lower coustant valie 1, Thus
the geothermal gradient is supposed to have been infinitely great at
the earth’s surface, but zero below the surface in the initial state. Tne
order to maintain the surface temperature at the constant valne o, he
considers empty space s& # body of physical mstter having the same
temperature (v, ~ V) throughout, and the same comdnetivity as the
earth. This latter asswmption, of course, was introduced only 1 order
to supply a law for the cooling of the earth’s purface by radiation oF
convection of heat through the ocean and atmosphere.  Further, the
conductivity of the whole garth was assumed to be coustaut. Then
applying the known theory of Fourier to this simple ideal casre, he
finds a formula! indicating that the geothermal gradiont at the earth’s
gurface will incessantly diminish, with inerensing time, from its initind
infinite value down to the present one. Then introducing in this
formula & value of v, + V equal to that of “melting rock,” and taking
for the present geothermal gradient in the surface &° F. per foot,
he obtained the above cited results.

Now for a moment accepting Lord Kelvin's final result, if wo ask
how long, after the initinl state, the carth was fitted as an abwsde for lile,
we might perhaps assume that it was so, when the geothermal pradwnl
of the surface had decreased to Yy per foot., ‘Then we find from
the formula that this decrease would take a time of only about one
million years, and thus the earth would have been habitable during
about 23 million years,

Every geologiat and biologist will certainly think that both those
periods are enormously underrated, and I shall now try o prove that
they are so also on physical grounds,  For this purpose we shall
examine the above assumptions, from which Lord Kelvin starts.

Firstly, his law for the cooling of the eartW's surface leads to o
much too high rate of loss of heat, aud in the initis} state even lo an
infinite one. . Lord Kelvin in his first cited paper mecta this objestion
by the remark, that a large mass of melted rock, expused freely to our
air and sky, will, after it once becomes ecrusted over, present in a few

1 The formula ise

de Y L, 1
de” 850 g0

Whmg*—;d%lglmm the geothermal gradisut in Palronbedt dugvess per fosl, ¥ ball the

dlffevence of the Lwo initia} temperatures azsumed on each sble of Ve ssrlene uf the waril,
a the de;ﬁh below the surfacs in feot, and £ the thwe b years  Thus &b Uhe Seginuing of
the time ,7§ is supposed to bo Julinite ut e smefaon, 10 T Be takew seBislontly grest, M
sxponent may ba neglested, nnd thus the sxponential taken ea egnal 1o wrily for mndl valbmey
of , 20 that the uss of the formuls for the purpess i qemtion G very simphs,  Now §f #hen
fnitia] temperature of the carth, v+ V, bo taken os equal to TOUD® B neod v be

aa being nearly vqual to zero, thn if we pud ’:ﬁZm%ﬂ whivh @ spposd o b The

value of the gwthqrmgl geadient in the sarfass {sveording To the stmervatbens), e Sormual
glves L= %}-) zenesyly 102 million yesrs. In this way Lord Ketvin dedumd Ube
value of *abont 100 million years”  But afterwards laking for w0, + V only abost 19007 ©.,
and taking into aceount alan the effect of pressure on the tempiratare of miblifisation, be
obtained o value shout four times Jess, which b his fual vt
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hours, or a few days, or at most in a few weeks, a surface 8o cool tha t
1t can be walked over with impunity. To this I remark that this wes
not 80, until the earth’s surface had already been cooled down so muelr,
that the water had been condensed on it, and then the temperature of
the crust was not higher than 365° C. or 689° F. Before that time
the earth, as remarked above, was surrounded by a very dense an«l

“‘W'%a,que atmosphere, just as Jupiter is now, and the loss of heat frorm

“the earth’s surface was produced only by convection through the
atmosphere and radiation at its upper limit, where the temperature
was very low, and thus the loss of heat by radiation very little, Thus
when the surface of the earth was cooling down from 7000° F,, say, Lo
689° F., the loss of heat by convection and radiation was certainly
incomparably much slower than according to Lord Kelvin’s assumption,
and thus also the time required for this cooling much longer than one
million years,

We shall now consider the first of Lord Kelvin’s assumptions, viz.
that the earth in its initial state, or ‘‘ Consistentior Status” had =
uniform temperature throughout. T T

According to the nebular hypothesis, now gener aceapted; the
earth, as well as the other celestial bodies, was ‘once a'glowing gaseous
mags. In that state of the earth its temperature certainly increasecl
enormously from the surface to the centre. For heat was carried from
the centre to the surface by convection, and as the pressure increasecl
downwards, the matter, when sinking down, was heated by compression,
and, when rising, was cooled by expansion. Also the surface, and the
surface only, was cooled by radiation. In this way the gaseous globe
incessantly lost heat, but, nevertheless, its inner temperature was continu-~
ally rising, owing to the heat generated by contraction, just as, according
to the theory of Helmholtz, the sun’s heat is maintained in this manner, !
When this process had been going on sufficiently long, the increasing
temperature, pressure, and density of the nucleus produced so great a
viscosity or rigidity in the gaseous mass, that the convectional currents
wore stopped, and then the surface layers relatively soon cooled down
to a low temperature, so as to cover the nebula with a solid crust
surrounded by a dense atmosphere. TFor the thermal conduction is
much too slow to restore to the surface the heat lost by radiation.
But just on account of the slowness of thermal conduction the inner
nucleus maintained its enormously high temperature, or even grew
hotter and hotter by self-compression, and, its temperature being much
above the critical point, it remained in the gaseous state, i.e. conserved
its perfect elasticity, though it viscosity or rigidity finally became
equal to that of glass or steel. Such is, according to the modern view
of physicists, the constitution of the earth’s nucleus still to-day, and its
present central temperature is estimated to about 100,000° C.2 Only
the crust, to a depth of perhaps 60 or 70 kilometres, can be in the
solid state, but the underlying gas is, owing to the enormous pressura

! According to the calonlations of J, H. Lane aud Lord Kelvin, considered in a following

chapter, the central temperature of a gaseous nebula is about 224 times higher than its
average temperature, which s found to increase with time as the reciprocal of the radins

of the nebula. .
2 e, for instance, S, Giinther, Handbuch der Qeophysik, Erster Band, p, 844 and fol-

lowing, Stuttgart, 1897,
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and temperature, quite as rigid us a solid. Thus when the solidification
of the crust took place, fragments of the shattered crust conld not sink
down in the inner nucleus, for this was alreudy then about as rigid as
glass or steel, and, morcover, much denser than t:im crist. In those
points the views of Lord Kelvin were, in 1862, quite different, and he
still scems to be of the opinion that the whole earth may be actually a
kind of honey-combed solid and lquid mass of w nearly nniford
temporature, But this view must mow be considered as extremely
improbable, since the numerous experiments of a pgreat many (i sivists
on the critical temperature and proessure, and especially the recent
inquiries of Tammann on the eonstittion of malier al groal pressires,
have shown that neither the liquid nor the solid stale can oxist at very
high pressures and temperatures.

Thus we must assume as the most probuble case, that the inuer
nucleus of the earth in its * Consistentior Status ® had a temperature of
about 100,000° C. or 180,000 F. Now if thia temperature be taken
as the initial value of V in Lord Kelvin's formuls instead of 7000° F.
or 1200° C., and we by means of it caleulate the time required for
diminishing the geothermal gradient at the carth’s surface from %" to
4" per foot, then this time may be considered as an approxiuate
value of the time during which the earth has been an abwde fitted for
life. Doing this we got as the age of lifo on the earth many thousend
million yearst Such a value, which is sleduced from Losd Kelvin's
formula with the most probable value of the central temperatuse of the
earth, will no doubt satisfy the requirements of geologista and biologists.

But if the geothermal gradient wore really a mensuro of the earth's
age, oven such a gigantic number might be too small. For heat was
gonerated, and is no doubt atill genorated, in the interior of the earth
mechanically by its slow contraction, snd this will probably suffice 10
maintain its inner lemperaturs nearly constant during untold million
yoars.? This cireumstance alone would suffice to maintain the geo
thermal gradient at the surface constant during all the time this process
is going on.

Also Lord Kelvin supposed the thermal conductivity of the earth
to be constant, ‘This assumption may be approximately true, if we
sssume, with him, the thermal state of the earth to be essentially
variable, as presupposed in the formula. For then we must introduce
in the formula the thermal conductivity measured in terms of the

T We find

3
{518 = 100%) = 64, TOOL00,000,

By this use of Lord Kelvin’s formula we do usl menmwe 4% iusithal wellorm lesnpesalngs
through the whole earth, for we start from the initial stals ol a surfose gradiet of " por
foot, and then the formula indicates contiunal buvsemse of tempernture Troan ween sl Wb
surface to 180,000° F. b the contre ; as I ought to e, As remsrked Yy Lesd Badvin, hibs
formuls §s dedused ivvespoctively of the earth’s eorvaturs, bt s boet durlg the Grst 106D
willion yeurs the variation of temperature dows sob bewsuw wemalblo ) depths esveading -
soventh of the earth’s radius, and is therefors coufined to e thin » erest that thy lofuemes
of curvature may be neglected (Meth, ond Phys. Pagors, L.e., p. B3y, Amd wven during
the fivat 10,000 million years the variation of lempersture would be wimrly boepsible @l
deptha exceeding one-thivd of the sarth’s vading

8 Ty 5 certain epoch the self -comprosdon will even rabem the lemperninre, hen Lhe
‘lium{mmtum will remaln very nearly constantl duriog long sgos mnd Bually very slowly
decrense,
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thermal capacity of unit of bulk.! But, as just shown, the thermaml
state of the inner nucleus of the earth is probably very nearly constays%
during untold million years, and the formula does not apply to such ==
permanent state, but only to a variable one. But for a permaners 2
state we must caleulate with the absolute conductivity, and this ig =2
least thrice as great for primitive rock as for stratified deposits, Nows
noarly the whole surface of the earth is covered with thick layers o &
such deposits lying on primitive rock, But on account of the relative} s
great conductivity of the latter a great deal of heat is constantly carries¥
to the inner surface of the stratified deposits, whereas their upper surfucer
is constantly cooled by radiation and convection by air and wates
eurrents, so as to maintain its temperature very nearly equal to thwt
of those currents. Hence it follows from the known laws of thermn ¥
conduction, that the stratified deposits will very soon after theiw

formation be traversed by a regular flux of heat, forming a geotherma ¥

gradient proportional to the reciprocal value of the ahsolute conductivity

of the stratified deposit, but independent of its age. Also it seems ter

me that this conclusion is verified by the observations, for the less the

conductivity of a stratum is, the greater is generally the increase of

heat in it with the depth, quite independently of its geological age.”

! Let ¢ be this conductivity, ¢ the specific heat per unit of mass, & the density, ie. o

per unit of ‘bulk, and % the absolute conduetivity, .. the number of crlories passing in unad

of time through the unit of surface of a layer, the thickness of which is the unit of lengtls,

and the limiting surfaces of which are maintained at constant temperatures, differing by opar
degree, then ‘
k= EE'

2 Thus in the Swedish iron mines the geothermal gradient iy generally not move tham
¥s" C. per metre, or oven less, in the arbesian wells it is Tron: 4%° to %° and in coal mimes
even from 4° to &° C. per metre. But as the geologists do not generally determing tlr
conductivity of the strata, the geothermsl gradiont of which they measure, I cannot verily
the above statement more in detail. I give here some values of absolute conductivity im
the units of the Centimetre-Gramm-Second-System in order to prove the statement in
general way :—

Mattor, Absolute Conductivity, Aulhoriby,
Pit-coal . R . . . 0°000297 Neumann,
Slate . : . . . 000081 Forbes,
Marble, white . . . . . 0+00115 I,
Marble, black . . . . . 000177 Id.
Primitive rock . , . . 000970 Homén,

Lord Kelvin communicates in Nature, vol. Ii. p, 439, some values of thermal conductivity,
due to R. Weber, and probably expressed in the above units, Also those values indiests
the same faet, quartz having & much greater conductivity than the other minerals,

To those numbers it ought to he remarked that they, of course, apply only to ordinary
temperafures. But in messuring the geothermal gradient in the earth's crust the observers
did not in the greatest depths reached in mines. and wells find temperatures exceeding 50° (%,
Thus the above numbers are applicabls to the stratn, whers the geothermal graclients were
observed, But if we caleulate the geothermal gradient in the interior of the earth, where
the temperature and pressure are very high, then we must confess that we know very little
about the thermal conductivity of the matter there, Tt mey be that the thermal conductivity
of slate, sandstone, and granite is probably somewhat less at higher temperatures than st
lower, as Lord Kelvin states (l.e. p. 489). Bui already in a” depth of 80 or 70 kilometres
(only about iy of the earth’s radius) the temperature and pressure will Dha so high
(temperature abont 2000° €. and pressure about 10,000 atmospheres), that heat will be
genetated there or in a somewhat greater depth by the slow contraction of the crugt,  Thus
the. absolute conductivity in those depths is of liftle importance for the problem dealt with,
though this conductivity probably still is greater than that of most stratified deposits ab
ordinary temperature,

. According to Lord Kelvin there are some sruptive rocks of so recent origin that the
permanent stats has not yet set in, and thus their geothermal gradient is unusually great,
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And in no case has the temperature of a stratified deposit decreased
from its formation to the present time, for during its formation it
had the same temperature as the water in which it was formed, and
afterwards it was heated by thermal eonduction from the ground, until
the permanent state commenced.

I think the reasons adduced above will suffice to prove the prob-
ability of an already primeval, nearly permanent, state in the conduetion
of heat through the earth’s crust. Hence it follows, that the geothermal
gradient is mot at all a measure of the earth’s age, which for this
quantity might be geologically nearly unlimited.

Thus I venture to say that the above method of calculation, used by
myself, and founded upon the assumption of an already primeval
permanent state in the geothermal gradient of the uppermost strata of
the crust, is essentially correct, though the result obtained is, of course,
uncertain, on account of the uncertainty of the physical constants
employed.! There is, however, strong reason to believe that the
limiting values of 48 million and 440 million years respectively, which
I have found, are too small. For the heat generated by the earth’s con-
traction enters into the calculation in the same manner as the specific
heat of the earth, and thus increases the age calculated. If the heat of
compression were, for instance, equal to the earth’s own provision of
thermometrical heat, the numbers found above ought to be doubled,
and thus there would have elapsed between the Silurian and the present
epoch at least 96 million and perhaps as much as 880 million years.
The limiting numbers found by my calculation from the secular cooling
of the earth are thus of the same order of magnitude as those obtained
by geologists by means of quite different methods,® and thus we shall
probably not err very much if we say that the age of life on the earth
amounts to at leagt 100 million and perhaps to 1000 million years.?

In a popular lecture delivered by H. Helmholtz* at Konigsherg in
1854 he calculated that since the beginning of the solar system the sun
had generated by contraction, and lost by radiation, 28 million units of
heat (centigrade) for each unit of its mass. Now, according to S. P.
Langley, the sun’s annual loss of heat by radiation amounts to some-
what more than two such units of heat per unit of mass, and thus the
sun’s provision of energy would only suffice for scarcely 14 million
years, assuming the present rate of loss by radiation also for previons
time, or, if the loss formerly were less than now, possibly some million
yoars longer. But Helmholtz, in making this caleulation, took inte

But such exceptionsl cases ave so rare that they are of no practical importance for the
gecular cooling of the esrth. Sir W, Thomson, “(n the use of Terrestrial Temperature for
the Investigation of Absolute Dates in Geology,” in British Association Report, 1855, part i,
reprinted in M athenatical and Physical Papers, vol. ii. p. 175, Cambridge, 1884, )

1 The greatest uncertainty is no doubt due to our ignorance of the real contraction of
he earth’s raclins during geologioal time. - But judging from the crumpling of the crust the
value (5000 m.) given by Neumayr ‘and Nathorst is no ‘doubt too small, and thus the
onleulated time probably too shorf.

2 The numboli‘s found by Phillips, Archibald Geikie, Sederbolm, and Mellard Reade are to
‘e reckoned from the Precambrian or Cambrian time, and those found by myself from the
Silurian ; but this ciremnstance will be of no practical importance in dealing with such

roximate methods of ealculation, ) )
appa Avchibald Geikie, British Association Report, Dover, 1899, Addyess to the Geological
Section, p. 12. . -

iH, l;—Ielrnholtz, Ueber die Wechselwirbung der Nuturkrafte, eic., Konigsberg, 1854,
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account only the work done by gravity in compressing the solar nebula,
but not that done by the chemical and other molecular forces. Now, on the
one side, these forces act only at very small distances, viz. between
adjacent molecules and atoms ; but, on the other hand, when they act
at these microscopic distances they are enormously strong, a thonsand,
and perhaps even a million, times greater than gravity. Thus they
must not be neglected, and though we do not know the intensity ansl
radius of action of these forces so exactly that we are able to ealenlate
the work done by them in the same way as that done by gravity, we
may without hesitation estimate the work at least as ten times ms
much as that done by gravity, and accordingly replace the’numlmr of
Helmholtz by at least 200 or 300 million units of heat (centigrade) per
unit of mass of the sun.!

I have wished to show by the above that no valid reasons against
the estimate of the age of life on the earth made by geologists z'msi
biologists can be taken from the laws and facts obtained from physieal
researches. It also scems to me that the geological and biological facts
on which this estimate is founded are at least as reliable as the physical
constants and assumptions on which a calculation of the secular cooling
of the earth or the heat store of the sun are based. Still much mere
unreliable are the calenlations of the earth’s age founded on a hypothesis
a8 to the mode of formation of the moon or the tidal friction exercisesl
by it on the earth, For as long as Laplace’s nebular hypothesis has not
been verified by an exact mathematical analysis in all its consequences
and details, we know nothing about the age of the moon as a satellite
of our earth,

8. The radiation of the sun nearly constant during geological ages.—The
temperature at the earth’s surface explained by the equilibrium belweess
insolation and radiation from the earth info space.

The nebular hypothesis for explaining the origin of the solar system,
which was first set up by Emanuel Swedenborg in 1734, and then latesr
developed by Immanuel Kant and in a more scientific form by Laplace,
has gained a high degree of probability by the astronomical observationa
on nebulw ingugurated by William Herschel, and so suceessfully carrieel
on by means of the telescopic, photographic, and spectroscopic methods
of modern astronomy. Nowadays we know that the immenso universe
is studded with innumerable nebulw, which undoubtedly are the
primitive stage of stars or solar systems. Some of them consist only
of gaseous matter without definite outlines, others show already con-
densed portions, and a few are even well-defined stars surrounded by
nebular matter. Most nebule exhibit a flattened spiral structure, thus
indicating a rotatory motion, This hypothesis on solar evolution was
completed in 1854 by Helmholtz? who by his celebrated contractiom

! The importance of the molscular forces for the stora of energy of the sun has bees
particularly pointed out by Faye (Comptes rendus, passim). My friend Prof. Svante
Arrhenfus has made a calenlation, not yot published, on this matter, and arrived at the
result that the original store of potential energy in the sun owing to chemical forces was
even much greater than according to the above estimate, )

7 H, Helmholtz, L.
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theory showed that also the heat and light of the sun and the other
gtars may be explained us generated by the work done by the contrac
tion. I have remarked above that the explanation of Helmbolta is
incomplete, as he takes into account only the work done by gravity.
But if this want be supplied by taking into acconnt also the chemical,
molecular, and other forees, if such exist, acting hetween the particles
of matter, the theory given by Ielmholtz will no doubt satisfactorily
explain the provision of energy stored up in the sun, and will be found
sufficient for the wants of gealogy.

The size of the sun is constantly decreasing, as, acenrding 1o
Helmholtz's theory, the sun is shrinking—so slowly that its apparent
dismeter will not diminish by 15 serond of arc in ten thoussend vears,
if my estimate of ita potential energy already given is correct,  Aceord.
ing to Helmholtz himself, the diminution would go on about ten times
faster, As the angular momentum,! according to & known mechanical
law, must remain constant during the contraction, we conclude that the

 sun has never reached as far as to the orbit of Mercury, the moment

of rotation of which in its orbit around the sun is about 1900
times groater than that of a point of the sun's surface  The radius of
the sun can therefore never have been more than abeut 60 Litnes
greater than at present.

Now, if the temperature on the sun's surfuce had besn conatant
during geological ages, it would have heen at this early stage as high as
it is at prosont, and hence the surface heing then 3600 times grester than
now, it would follow that the total amount of ingolation must also have
boen then 3600 times greater than at present. But this is quite in.
admissible. For lifo cannot have begun on the earth bofore the insolation
had sunk to about the double of its present value (which with the present
state of the atmosphere would produce a mean temperature on the
earth’s surface of nearly 70° C.), and the higher life can scarcely have
begun before the ingolation had sunk to about 1} of its present value
(which with the present state would produce » mean temperature of
nearly 46° C.)* ‘Thus when it had been possible for life to begin on
earth, the greatest part of the sun's heat store would already have been
gpent ; and we find by caleulation ® that the age of life would by reduced

~ to about 2,600,000 years, and that of higher life to about 1,800,000
years, if we assume Helmholiz'’s value of the heat store of the sun, or
about ten times as much if we adopt my estimate. Also the whole age

1 Lat r be the distance of a partiele from ita eetitre of rotatbon snd w s apgwlar velolty,
then the angular momentum, or mouient of rotative, of the partivle b wr  That et e
constant is the snme meshanieal law ss the law of Kepler about the any of @i i 8
planstary orbit,

2 The method of caleulating these tempuratures will be glven farther on.

3 If { bo the time in yeara and + the radius of the sun, then amsming thel Whe werk
done by gravity be equal to the energy lost by radistion, we have

iﬂwégf?n

¢ baing a constant. Integrating and determining o by means of the o o i &
Helmholtz's and Ianglm results, that the sun's reding & diminbhivg by volbuy i%:@iﬁ%&g
%mm owing to the logs of lieat by radiation, we find, if the pressat value of r be d :
Ry Ty

cm,ooa,oog( 1w t%”)
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of the solar system would be only 4,000,000 years accordil_f’lg to
Helmholtz's result, and 40,000,000 years according to my estimatc.
Thus the supposition of a constant temperature of the sun’s gurface
during the geological ages would lead to so great a waste of the solar
energy and thus to so short a time for the evolution of the solar
system that it must be rejected merely for this reason.

Still more will this be the case with any hypothesis according to
which the temperature of the sun’s surface was in former times higher
than now and decreasing up to the present time. Thus, for instance,
the hypothesis of Eug. Dubois? is quite untenable. According to him,*
the sun was, during the greatest part of geological ages, a white star
hotter than it is now, and then, during the Ico Age, it became suddenly
a red star of lower temperature than the present one, and finally turred
into its present condition of a yellow star of a middle temperature.
Now, according to the estimate of J. Scheiner,? the surface temperaturs
of a white star (L. spectral type) amounts up to about 15,000° C., that
of a red one (III. spectral type) only to 3000° or 4000° C, that of a
yellow one (IL spectral type) having an intermediate value. And
according to my caleulation, adopting Langley’s value of ‘the solar
constant and Stefan’s law of radiation, the actual temperature of the
sun’s surface is 6600° C. absolute. Thus the surface temperature of a
white, a yellow, and & red star will be approximately as 2:1:24, and heuce,
according to Stefan’s law of radiation, the radiating power per unit of
surface as 24:1:(3)4, 4.e. as 16:1: %, But if the radiating power of
the sun were 16 times as great as its present value, the mean tern pera.
ture on the earth would be as high as about 576° absolute, or 803* (2. ;
and if it were only % of the present value, this temperature wonld be
as low as about 144° absolute, or —129° C. Thus in neither case counld
life exist on the earth.

Thus there can be no doubt that the temperature of the mwum’s
surface increases with time as the sun contracts, and thereby the area
of its radiating surface decreases. And in fact the physical inquiry into
the problem has also led to this same conclusion.

Such inquiries have been made by J. H. Lane,* A. Ritter,’ snd T.ord
Kelvin,® and I have tried to work out these inquiries further and draw
some consequences therefrom.”

The three physicists above-named start from the following assurryp-
tions. A nebula or a sun is a mass of glowing gas which, acoordireg to
the theory of Helmholtz, is heated by the work done by gravity in
contracting it, and loses heat by radiation from its surface. The heat
generated in the interior is carried to the surface by convectional
currents, of which the temperature is caleulated according to the
mechanical theory of heat as a function of the pressure or the density
of the gas, assuming for the relation hetween temperature, pressare,

; gﬂug, Dubois, The Climates of the Geological Past, eto., London, 1895,
.. p. 99,

8 J. Scheiner, Sits, der. d. Berlin. Akad. 1894, Nr, 12, 257.

3. J. H. Lane, Amer. Jowrn. of Science and Aris, 2 Ser., 50, 1870, p. 67.

" A, Ritter, Wied. Ann, 5-20, 1878-82 (saveral papers).

8 W. Thomson, Proe. of the Roy. Soc. of Edinburgh, vol. xiv., 1886-87, pp. 111, 118.

7 Nils Ekholm, “Ueber den Energie-Vorrath, die Temperatur und Strahlung der Welt.
kirper,” in Bikang till K. Sv. Vet-Ak. Handi, Bd, 26, Afd. I, No. 1, Stockholm, 1900,
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the laws of Mariotte and Gay-Lussac. This
gives the result that the absolute temperature of the sun, whson

contracting, will increase with time as the 3'm~«u;'nr«m&l of s rardius ; and

as, according to Qrefan's law, the radiation per unt of suriace
varies as the fourth power of the ahsolute temperature, it follows
that the total amount of insolstion will inerease with time, as the
sun contracts, as the squarce of the reciprocal of ite rasdine. Thin, of
course, would be 8o speedy an incresse of !,.lm inwaimiwlm, ‘m;gi thus pue

supposo 8o feeble an insolation in ancient times, that it i» mmimawnMv
on geological grounds. But it is also inacmissible on physical prouguls

For we know from physical experiments that Boyle's law is not valad s

pressures of more thun one or two hundred atmospheres, whereas the
pressure in the interior of the sun amounts to thousands of wmilln
atmospheres.!  Thus we conclude that the above result will be rue
only as long as the gaseous nebula is very thin and has an enormonsly
great volume. As to the sun, the result has never been exactly true;
for, s stated above, the sun canuob possibly have had a radding more
than sixty times greater than the present. Put we may assume that the
result was approximately true during the first stage of the sun's evolution,
and thus that the insolation was then rapidly increasing. Hut after a
relatively short time the increase must siop and the insolation becomn
approximately constant. For though we cannot al present solve the
proposed problem rigorously by introducing the true and general
oquation of the gaseous state of matter instead of the squation of Boyle
Charles, we can find from approximations that the incromse of the sun's
temperature must go on much slower thin it would do according to the
above simple solution. Moreover, the convestion of heat from the
inner parts to the surface will be %rmlmx‘lly retarded ns the sun grows
‘hotter and denser. For the inner friction of a gas inerenses rapidly with
tomperature, and the astronomers best nequainted with solar physies are
of the opinion that the gaseous matter of the sun within the photosphere
is at present at least as viscous us honey or tar. Thus the surisee
temperature, and accordingly the radiation from the surface, will inereass
much less rapidly than the inner or mean temperature of the sun, Con-
gidering all this, it will seem probable that the total amount of
ingolation incrensed during the first stage of the sun's evolution, bue
that this increase gradually became slower and that the insolation has
been nearly constant during all the time life has existed on the earth,
We may assumo that the insolation has varied from the Archean to the
present time perhaps as much as from the half of its present value up
to this. But there is no reason to assume long periodical varistions of
groater amount. And certainly the great climatic changes vevealed by
geological inquiries cannot be attributed to any suo h variations of
ingolation.

But, as alroady remarked in Chapter 1, the temperature of the
earth’s surface is & function not only of the imsolation, ie supply of
“heat, but also of the radiation from earth into space, i Joss of beas,
and the latter will vary considerably if the transparency of the atmo-

_+ } The absurd consequences following frow the Lane-Kelwin theory, If appliel i
limitation to the siate of the sun, have besn elearly forwsalubpd W‘ "tﬁi‘i@ (&&m
Seience, N.8,, vol, ix. pp. 859-901, 1809 : and vol, x. pp. 11-18, 1805,

G

and density (or volume)
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sphere for heat radiations of different kinds varies. Practically a varia-
bion of the transparency of the atmosphere will have nearly the same
effect as a variation of the solar constant, and according to this we can
find a very simple method of approximately caleulating the mein
temperature of the earth’s surface under different conditions. This will
now be shown.

We know that the sun is practically the only source of warmth to
provide the atmosphere, the ocean, and the earth’s surface with their
store of heat. Compared with it both the inner heat of the earth and
the radiating heat of the stars are quite insignificant. From the
observations on mnoctwrnal radiation made by Liais, Langley® has
caleulated that the temperature of empty space is — 268° C., or & C.
absolute. - According to 8. Newcomb, the light of the sun is 31 million
times stronger than that emitted from all stars, and hence, assuming
that the radiant heat is proportiomal to the radiant light, I find, by
means of Stefan’s law of radiation, that the mean temperature of space,
owing to the radiation of stars, is about 4° C. absolute, a value which
nearly agrees with Langloy’s result. Thus the heat radiation of space
is 8o insignificant that it may be neglected without sensible error.

Knowing the temperature of space, we may now caloulate the earth’s
loss of heat by radiation into space. Let U be the radiation from a
warmer to a colder body during 24 hours in gram-calories por sguare
centimetre, then, according to Stefan,

U =00000001045(T* — £4),
T' designating the absolute centigrade temperature of the warmer aned /
that of the colder body, when hoth bodies are perfectly black.2

Tabulating this formula, putting for ¢ the value 5° or 4° €, absolute
(which may be neglected), we find .—

TABLE I.—Loss oF HEAT BY RADIATION INTO SPACE FROM A PERFEGTLY Brack
Bopy or Tk TEMPERATURE {° CENTIGRADE. IN GraM-CALGRIES PER Squarg
CENTIMEIRE DURING 24 Hours,

Loss of Loss o i
! Heat, : He:tl.f ‘ Iiffif.r

100° 2023 20° 770 - 60" 21

90 1816 10 670 - 70 | 1y

& 1624 o 581 - 8o | 143
70 1447 ~ 10 500 - go | 117
60 128 - 20 428 il ~100 | g4
50 I3 - 30 365 -110 | 74
40 1003 - 40 30 -120 | &7
30 881 ~ 50 259 ~I30 . 44

For the low temperatures above tabulated we may assume, without
sensible error, that clouds, atmosphere, ground, water, ice and snow,

1 8, P. Langley, “The Temperature of the Moow,” Mem. of the Nat. Academy, vol. iv.,
th mem ., 1890, p. 206 and following,
*2 A newor determination of the constant of Stafan’s formula, dus to Eurlbaum, gives the
va%ue 0:0000001106, The difference i3 of no or little importance, T have used the above
valna,
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ote., radiate as much heat as black bodies, and thus that this table is to
be applied, without correction, to the radiation of the earth.

Now, as the mean temperature of the earth’s surface remains very
nearly constant during hundreds of years, the loss due to radiation must
be equal to the gain of heat due to insolation. But this gain cannot be
directly determined by experience ; for though we know approximately
the total amount of insolation falling on the earth’s surface by the
experiments of Langley and others, we do not know how much of it is
absorbed. In fact, a considerable part of the solar rays is reflected back
into space without being absorbed. The clouds, atmosphere, ground,
water, and ice, though very nearly black for the radiation from the
earth, are not so for the solar rays; or, in other words, the earth has a
great albedo, the value of which is very imperfectly known, for the solar
radiation.

According to Langley, the solar constant amounts to 3 gram-calories
per square centimetre during a minute, which corresponds to an average
for the whole earth of 1080 gram-calories per square centimetre during
24 hours. If all this heat were absorbed, the loss of heat, according to

Table I, would also be 1080 calories ; and we find by interpolation in
the Table that the mean temperature of the earth’s surface would he
46° . Now the actual mean temperature of the earth’s surface, derived
from meteorological observations, is 15°1 C., which, according o the table,
corresponds to a daily mean quantity of heat absorbed equal to 720
calovies, or only two-thirds of what it would be according to Langley’s
value of the solar constant. :

The temperatures given above (pp. 15 and 16) for different values of
insolation have been calenlated by means of Table I. or by Stefan’s
formula in the manner here explained. ' '

All the above calculations have been made as if the earth’s surface
were the only matter absorbing, emitting, and reflecting heat. This, of
course, is only a fivst approximation, for the atmosphere plays a great
and vory complicated part in the phenomenon. An elaborate inquiry on
this complicated phenomenon has been made by Svante Arrhenius.!

The result of that inquiry may be summed up as follows. The
atmosphere plays a very important part of a double character as to the
temperature at the earth’s surface, of which the one was first pointed
out by Fourier, the other by Tyndall. Firstly, the atmosphere may act
like the glass of a green-house, letting through the light rays of the sun
relatively easily, and absorbing a great part of the.dark rays emitted
from the ground, and it thereby may raise the mean temperature of the
earth’s surface. Secondly, the atmosphere acts as a heat store placed
between the relatively warm ground and the cold space, and thereby
lessens in a high degree the annual, diurnal, and local variations of the
temperature. : ,

There are two qualities of the atmosphere that produce these effects.

1 Gyants Arrhenius, “Usber den Einfluss des atmeosphiirischen Kohlensutregelialls anf
die Temperatur der Tirdoberfliiche,” in Bik. 5l K. Tv. Vet.- A kad. Handl. Bd. 22, Afd, L,
No. 1. Stockholm, 1896 ; « On the Influence of Clarbonic Acid in the Air upon the Temperature
of the Ground,” in I7hsl. Mugy. for April 1896, p. 2387; °° Natuvens viirmshushallning
(Heat Teonomy of Nature), in Nordisk Tudskrift, Stockholm, 1886, p. J21; “TLag
oscillations séeulaire de la température & la surface terrestre,” Bxtrait de la Revue géndrale
des Seiences du 16 Mai 1899, Paris, 1890,
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The one is that the temperature of the atmosphere generally decreases
with the height above the ground or the sea-level, owing partly to the
dynamical heating of descending air currents and the dynamical cooling
of ascending ones, as is explained in the mechanical theory of heat.
The other is that the atmosphere, absorbing but little of the insolation
and the most of the radiation from the ground, receives a considerable
part of its heat store from the ground by means of radiation, contact,
convection, and conduction, whereas the carth’s surface is heated
principally by direct radiation from the sun through the transparent
air.

Tt follows from this that the radiation from .the earth into space
does not go on directly from the ground, but on the average from a layer
of the atmosphere having a considerable height above sea-level. The
height of that layer depends on the thermal quality of the atmosphere,
and will vary with that quality. The greater is the absorbing power af
the air for heat rays emitted from the ground, the higher will that
layer be. But the higher the layer, the lower is its tomperature
relatively to that of the ground; and as the radiation from the layer
into space is the less the lower its temperature is," it follows that the
ground will be hotter the higher the radiating layer is,

Now if we are able to calculate or estimate how much the meaz
temperature of that layer is lower than the mean temperature of the
ground, we may apply Table L. for calculating the mean temperature of
the ground, as soon as we know by direct measurements the quantity of
solar heat absorbed by the ground. Owing to the clouds and dust float-
ing in the atmosphere, this heat is probably only about a third of that
derived by using Langley’s solar constant ; and is thus about 360 calories
per square centimetre during twenty-four hours. This gives, by means
of Table I, & temperature of - 31° C. to the radiating layer. But,
according to Arrhenius’s estimate, this is at a height of about 7600
metres ;¥ and assuming a decrease of the temperature with the height of
0°6 C. per 100 metres, we find its temperature to be 46° C, lower than
that of the ground, and thus the mean temparature of the ground equal
to' 16° C., as it is according to the observations. This example, of
which the numbers given do not pretend to be exactly true, shows the
method of calculation. 'We see from it that both the ahsorbing power of
the atmosphere for the heat radiation of the ground, and the quantity
of clouds and dust in the atmosphere play an important part as regards
the temperature of the ground. By the former the temperature is
raised, by the latter it is lowered. We shall now enter more fully on
the consequences of this important question.

4. Variations in the quantity of carbonic acid of the almosphere, the principal
cause of the great climatic variations during geological ages.

Among all the numerous hypotheses ? imagined in order to explain
the great climatic changes of the geological ages, that worked out by

" 1 For the carbonic acid alone at 15,000 metres,and for the water vapouralone at 238
metres on an average,

2 An elaborate study of the historical part of this question has besn made by Luigl de
Marchi, “Le cause dell’ era glaciale,” premiato dal R, Istituto Lombardo, Pavia, 1898,
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Poustlet,

. Arrhenius! on the growml gradually laid by Fonsier, %
Oy

Tyndall, Langley, Knut Angstrom, Pasches, awl othein in the
one which has stood the test of & seientific examination. 1t immxﬁmﬁ
on tho fact that carbonie aeid, thongh as transparent as phre sy s the
solar rays, is partly opague to the heat vasliating from the o m‘ni
the Jower and warmoer strata of the stmesphere. Blwing i this the
carbonic acid in the atinosphiere avis as the glase of a green oo, ot pusg
through the solar rays, but partly retaining the sdark vavs et tesd frens
the ground. Thus, if the quantity of caibatic avind in e atniosphere
increnses, the temperatwre of the gronwd and the Jowe atrgeopliesie
strata will be raised, tll the inerease of rwliabion et spare < anpsesd ey
the inerease of temperature has restoresd the equilibainng Twtween gats
and loss of heat. Dut to this is added & civemmstanwe which conndes
ably adds to the influence of the carbonic acid. Agqueois wage
possesses the same remarkable property as carbonic acid, and s nwar by
transpavent to solar heat, and nearly opague to terrostrinl beal.
Aqueous vapour alone is, however, unable to proshies ang ruadien)
change of climate. For the guantity of aquecits vapouy s the atwco
sphere is itself depending upon the temperatnre of the air; if this be
lowered by some canse, for instance by vdiation, Pl pepreatis waponr 89
partly condensed and separated from the atmosphere, wherehy e pro
tecting influence is diminished, and then the nereased rwhiation ratses
a new condensation of vapour, snd so on. It is, therelore, only in
rogions and seasons alremdy favoured by nature with a warm and dasp
climate that agqueous vapour alone is alile to play the part of greon house
glass ; whereas in cold and dry regions, where the protoction s st
needed, aqueous vapour fails.

The case will be quite different when the carbonic achd comes into
play. This gas is not condensed at any temperature cceurring in ihe
lower strata of the air. Its protecting power is thus equally active in
oIl climates. If now the quantity of carbonic acid increases, the tem.
perature, as slready stated, will rise. But thereby alse pvaporation,
and, of course, the quantity of agueous vapour in the air, will be
increased, by which the radiation from parth into space will b still
diminished.  Accordingly, the temperature will be further raised, and
thus also evaporation and aqueous vapour in the atmosphere incroase,
and this will continue till the increase of radistion into space puts au
end to the rise of temperature. In this manner the protecting inflaence
of carhonic acid is considerably angmented by the cooperation of
aqueous vapour. The chief resuits of Arrhening's caleulation ave con-
tained in Table II.  This table was caleulsted chiefly by wmeans of
Langley’s measurements of the heat radiation of the moeon. A pew
determination of the ahsorbing power of carbonie acid at low Lewmpors
tures just made by Arrhenius and not yet completely ealeulated, seems 1o
lead to results not differing materially from those of Table IL

If the quantity of carbonic acid varies by a geometrieal series, the
temperature will vary approximately by an arithmetical one.

Now if we remember how insignificant is the presont quantity of
carbonic acid in the atmosphere we shall e surprised ut the groat effecs
produced by halving or doubling it. In the former case we should have

‘ 1 Hvante Arvrhening, Lo




22 EKRHOLM~ON THE VARIATIONS OF CLIMATE

a lowering of the temperature by 5° to 6° C., which is more thayp ¥s
needed in order to change the climate of the earth to that which prevajfesd
during the Great Ice Age. The snow-line is then estimated to hpmwve
been about 1000 metres lower than now, and this corresponds to =
lowering of the temperature equal to 4° or 5° C.

TABLE IL—VariaTioN or THE MEAN YEARLY TEMPERATURE OWING TO A qpyvan®
VARIATION OF THE QUANTITY OF CARBONIC ACID IN THE ATMOSPHER,

The present guantity of carbonic acid = 1; - signifies rire, ~ fall of tho temperatore, Contigras 3

degrees,
QuanTiTy 0F CARBONIC ACID,
Latitude.
i 1} 2 2% 3
65° N ~31 | +35 | 461 | 480 | 403
55 ~32 | +36 | 460 | +7:0 | +93
45 . ~33 | +37 | +59 1 +77 | +92
35 =33 | +t35 | +57 +7:4 +8.8
25 =32 | +35 ; +53 1 469 | 48
15 ~30 | +33 ] +50 | 40685 | wyeg
5 =30 [ +32 | +49 | +64 | +73
5% 8. -30 +32 +50 +6:5 +7g
5 -31 +32 LD ¢ + 6.7 +746
25 -32 | +33 )| +54 +6.9 +8.2
350+ o | =33 | 435 | k50 | 473 1 4838
45 . . . -34 | +37 + 60 +9.9 +9:3

On the other hand, a tripling of the quantity of earbonic acid wouled
raise the temperature by from 7° to 9° C.,, which would suffice to give
to South Sweden (55° N.) the climate of North Italy, and to Ttaly thaae
of the Torrid Zone. The Polar Regions would thereby obtain a tergs-
perate climate.

There are several reasons, however, to believe that the influence «»f
the quantity of carbonio acid of the atmosphere on the mean temperature
of the ground may be in cortain instances still greater than accordirs gz
to the Table just given, as Arrhenius himself remarks, at the end ¥
his first-mentioned paper. The latest measurements of the decresse ¢sf
the temperature with the height, made in France and Germany, have

~shown that this decrease is probably much greater in the middle
latitudes of Europe than Glaisher’s observations indicate. Fence it
follows, according to the deduction on page 20, that also the warmirege
influence of the carbonic acid must be greater than according to Tabile
IL, which was caleylated by means of Glaisher's values, This corr-
clusion, of course, holds good only for those parts of the earth and for
those seasons in which the decrease of temperature with the height is
a8 great ag the above-named French and German observations indicates.
I shall now consider this point more in detail. -

Our knowledge of the variation of the temperature of the atmosphere
with the height above sea-level is very imperfect indeed. Especiallyr
we know very little about that variation in the Arectic Regions and at
the great centres of cold in the northern continents during wintex-.
There the mean temperature of the lowest layers of the air generally~
sinks below ~40° C. and & temperature of — 50° or — 60° C. geems not
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to he rare. A winimum of - 50 C. has been ohaerved in the centre @iﬂ‘
cold in North Seandinavia.! Nanson observesd # min:mmmpf 5276 U
during the voyage with the Fram, and at W urg:hm;;xax{mh in Hiberia the
absolute minimum hitherto ohserved is -~ 69 8 C. There are, howayer,
strong reasons to believe that the temperature of the air in the layers
above these ventres of colid is higher than in these neares 3o th parthe
gurface. Thus, for instance, the Swedish genlogiste, enpecially A
Hamberg, have placed minimum thermometoers o monntam tope
Laplnnd'(North Sweden),  Hamberg ? fonnd in 2100 metres almye e
level an absolute minimum of not more then -~ 99 8 O, awd a compars
gon with the minima at adjacent low stalions {200 to 00 motres ;@a@'ma;u
sea-lovel) gave the result that the minimum st the top was abont 14§
higher than it was at the low stations, The umm«»wlw;;gum% ohsareation
arranged by J. Hann and others in the Alps have given a similar seswlt
Also o consideration of the goneral state of the weather derivg she
periods of such extreme cold leads to the conclusion that i those
regions the temperature at a higher level is higher than near the groumi.
For when the weather is antieyclonie the air is slowly sinking dows
over those regions, awd thereby dynamically heated. But near the
ground the air cooled Dy radintion is nearly stagnant aml b wery
stable equilibrinm, so that the warmer air in the higher lovels is prolably
flowing over it outwands from the centre of the anticyclone withont
veaching the ground. Thus over those conled regions thers is, probably
to a considerable height, an inerease of temperature with the height,
and this is ealled temperature inversion.

As now in those centres of cold the warming influence of the insola.
tion is very feeble or zoro (as such weather vocurs in the winter in M%Hx
latitudes), and as the air cirenlation is such as to prevent all heating by
means of air currents coming from warmer regious, the only wouros of
heat is the feeble radiation from the upper dynamically beated air.
Simultancously the radiation from earth into space is velatively unim
peded, the sky over an anticyelone being relatively clear. Thuss the
gevere cold is explained, and it will bo obyious that the protecting influ
ence of the carbonic acid is very much enfesbled by thosee chresenstigee,
60 much the more so as the quantity of water vapour is insignificant,
partly owing to the low temperature, partly on account of the down
ward movement of tho upper air. Also the anow covering of the
ground is very favourable for the development and permanence of such
a state of weather, for the snow radiates heat as a black body, and being
a very bad conductor of heat, completely hinders the supply of
heat from the ground; also the evaporation from the cooled snow
surface is nearly insensible, and often the snow, instestd of evaporating,
condenses the agqueous vapour in the air on ita surfave.

By comparing this state of weather with the general state according
to_the description given sbove (p. 20), we see that it is, up o & con-
siderable height above sea-level, the complete inversion of the general

1 About 80° N.and 28” E. from Gresnwich., &s to the slete of toe wf L
Seandinaviau Poninsula, T refor ta my papor on this waller b Fawr, 1588, p 920 and
ﬁol‘l%wiug, with 8 charta,

;% Axel Hambarg, Fmer, jouresl edited by the Swedieh Bovkety Tor Autheopnlogy sad
Geography, Stockholm, 1898, p. 463 (Swmlbﬁg)« d ey
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state, the temperature increasing upwards from the gronnd inspead = ;@i
decr(;asing. How great this height is we do not yet know, but evident i

it is move than 2000 metres in Lapland, and perh:q:s the racdintss
layer, the mean height of which in this case is about 15,000 Tetres, 2
not colder than the ground. This circumstance explains in full 'thc mwmm@
petence of the carbonic acid to protect t'l‘le gl'f,m{u] from ])Ul‘ug (:f-mg»,:t.%,,&
by radiation to a very low temperature in this instance.  But if z%w
quantity of carbonic acid were suﬁicl(_mbly inereased, ll wonld h'u kb %ﬂ_,ﬂ
prevent in most cases the formation of thouse winter untlu_\"(']mfw?v*
generated nowadays over certain arctic and northern regions, [n=tes

of the anticyclonic winter cold, we should then lm}'u there a prevailins
cyclonic weather—equal to the present common winter weather on ghe
western coast of Europe. The winds would em‘lstn_ntly transport warmis s
air from more southerly districts to the Arctic I{uglugls ; the sky would b
elondy, thus effeetively hindering the radiation into space; amd swes
noticeable inversion of temperature would occur, ‘Umler these cireims

stances then the protecting influence of the cu}‘bomc il:(ii(l would act wit b=
its full power, and we should have a mild winter climate oven in thw
Arctic Regions. o

An interesting circumstance is here to be borne in mind. As lowg
as the protecting power of the carbonie acid is strong enough to prevemns
the formation of the anticyclonic weather generated by a permumnesg.
cooling of the ground over large districts and the temperature inversioss
in the lower atmospheric strata resulting from it, the protecting influemncs
of the carbonic acid will be greatest in the regions, daytimes, wuned
seasons which are least favoured by nature; thus greatest at the pule,
and from it decreasing towards the equator, greater during winter ard
night than dwing summer and day. Briefly, a suflicient quantity o4
earbonic acid will produce not only a warm climate, but also a uniforis
one over the whole earth. An inverse action will, of course, be pres-
duced by want of carbonic.acid ; thus not only a general fall of tompara.
ture, but also strong climatic contrasts between the different climatie
zones and seasons,

The opinion that the genial climate of older geological ages was tlue
to a greater quantity of carbonic scid in the atmosphere than the presens
one is by no means new. On the contrary, it was common among oldesr
geologists, But.as the opinion then still was in want of support Frowms
physical facts, it was but an unproved conjecture. And as so enormously
great a protecting power of the carbonic acid as we have found it to be
was not suspected, it was thought necessary to assume a very high rate
of carbonic acid in the atmosphere of ancient times in order to oxplair
its genial and uniform climate. But as such a rate would have been fatal
to all higher animal life, that objection was fatal to the hypothesis.*
Eurther, those elder geologists believed it to be necessary for theiy
explanation also to assume that the sky of those ancient times was
much more cloudy than the present one, and besides that the inner heas.
of the' earth contributed to the high temperature of the atmosphere.
The last supposition is, as shown above, quite nntenable.

! Eug, Dubos, Lo p. 166, tells us positively : “The gupposition of a formerly groafe
amount of sarbonie acid in the atmosphere ean now no longer be seriously discussed ™ ; wmid
this statement is considered to need no proof (1),
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As to the question about cloudiness during different geological ages,
theyo is no reason at all to believe that the sky of the genial periods
was on an average more cloudy than the present one, but rather the
contrary. For the more cloudy the sky is, the lower is generally the
mean temperature of the air. Also the meteorological observations
show that the amount of clouds on the whole increases from the equator
to the pole, and dobs so though the rainfall decreases. But the amount
of clouds has also a daily and a yearly period which play a very great
part for the temperature. As a rule, the sky during the day is a little
more cloudy than during the night, which, of course, enfeebles the
. insolation and reinforces the mnocturnal radiation, thus lowering the

temperature. The same may generally have" been . tho case in the
climates of ancient times. But as for the yearly period of cloudiness,
the state is more variable. The climate of Western and North-Western
Europe is characterised by the fact that the sky is much more cloudy
during winter than during summer, and this is a cause which acts power-
fully in producing the favourable climate of this region with its sufficient
summer heat and moderate winter cold. But there are other regionson

 the earth where the inverse state prevails ; the winter sky being as a rule
rather unclouded, whereas a covered sky and frequent fogs characterise
the summer weather. This is particularly the case in the polar regions,
where the cold sea, filled with melting ice, seems to be the cause of the
foggy and cloudy weather during the middle summer season. Again,
there are other regions where the winter sky is nearly continually clear,
and as a consequence the winter cold severe, but also the summer sky
generally so cloudless that the insolation suffices to produce summer heat.
This is the case in the interior of the great continents even north of the
Avretic Oircle. '

Now, if we ask what was the yearly period of the cloudiness in the
Arctic Regions during the Cretaceous age, when a nearly tropical climate
prevailed there, the answer will be that probably the period was such as
it is in Western Europe nowadays, s.e. that the summer sky was
relatively cloudless and the winter sky relatively cloudy. For there
can be no doubt that the polar regions were then washed by a luke-
warm sea completely free from ice, just as now the Iberian Peninsula,
France, and the British Isles. We may thus with a great probability
assume that the beneficial climatic influence of the carbonic acid for the
polar regions will be extraordinarily increased as soon as the quantity
of it in the atmosphers has become great enough to prevent the forma-
tion of ice on the polar sea during the winter. If we imagine of what
kind the polar night would be on an island which, like Ireland, was
situated in the middle of a lukewarm sea and under a sky mostly
covered, we cannot doubt that even with the present rate of carbonie
acid in the atmosphere such an island would have a relatively high winter
temperature. Even in Spitzbergen, which has a relatively clear winter
sky and is surrounded by a sea partly covered with ice, the midwinter

temperature is at present, owing to the influence of the warm Atlantic
continuations of the Gulf Stream, higher than in the northern centre of
cold of the Scandinavian Peninsula.! If the hypothetical polar island,

‘1 Acdording to my isothermal chart of Burope (Ywmer, 1899, lc.) the mean January
temperature reduced to sea-level is —16° C. in this centre (about 69° N, and 256° E. fr. Gr.),
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holds good for thg carbonic acid which animals exhalo or which is formed
by the putrefaction of bodies of animals; for this comes, without ex-
ception, from the plants which have served as food for the animals.

What enormous quantities of carbonic acid passed through the
atmosphere during ancient times is best shown by the thick layers of
li'mestone and chalk which are to be found in several geclogical forma-
tions, and which contain many thousand times as much carbonic acid
as the present store of the atmosphere! The quantities of carbon
which are stored up as pit-coal, brown-coal, and turf mosses are certainly
not so great, but nevertheless are gigantiec.

We may thus say that the carbonic acid trade of nature is carried
on with a very little capital and a very great exchange, in which, more-
over, chance plays a considerable part. Hence it follows necessarily
that great fluctuations in the capital stock will occur, so that sometimes
abundance and sometimes want arises in the carbonic acid market.
And if a veserve fund did not exist, it is to be feared that severe crises
would occur now and then, which, from abundance or want .of carbonic
acid, and hence of heat, might be fatal to all life on the earth. This
reserve fund lies in the carbonic acid stored up in the oceans. For sew
water is capable of storing up a great amount of carbonic acid partly
as a solution and partly as a loose chemical combination in the bicar-
bonates.2 Arrhenins caleulates that if six parts of carbonic acid be
supplied to the air, five of them will go down in the ocean and only
one remain in the air. Chamberlin takes into consideration a further
civeumstance of great importance, viz. the activity of limestone-gecreting
organisms. According to him, the total store of earbonic acid existing
in the ocean in solution and in a loose chemical eombination amounts
to eighteen times as much as that in the atmosphere ; by the activity
of the limestone-secreting organisms, the loosely combined carbonic acid
is sot free and is partly given back to the atmosphere. Consequently
if during a period of unusually lively voleanic activity on the earth
the atmosphere receives a great supply of carbonic acid, most of it is
stored up in the ocean—in part directly by absorption, in part indirectly
by the weathered detritus transported by the rivers to the ocean. Out;
of this stored provision a part is gradually precipitated in form of
caleium carbonate, but the rest is gradually given back to the air,
especially if the quantity of carbonic acid in the atmosphere is
diminished,

5. The secular cooling of the earth is the principal cause of the variation of
the quantily of carbonic acid in the atmosphere— Modifying influences.

The principal cause of the. secular or long-period variations of the
quantity of carbonic acid in the atmosphere is to be found in the secular
cooling of the earth, as will now he shown. <

1 A, @ Hogbom, Le, caleulates the store of carbonic acid in the stratified vocks to be
25,000 times that in the air, assuming the mean thickness.of these s};mta to be 100 metres
over the whole surface of the earth which is probably & minimum value.

2 g, Arrhenius, Nordisk Tids}m"ift, 1896, pp. 129-130 ; and J. ¢, Chamberlin, Ze: p, 811
and following. .




But if the mean temperature of the air is raised to 30°C. and
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‘We have already shown?! that during the primeval time, w ¥zens® S

whole crust was covered by the ocean, the crust cont'ra_cted more &hmﬁ% gw -
inner nucleus, and that thereby a lively volqar}lc activity was prodd ags? gw@% !
a state which probably continued many million years during tv"i”f*j? b
cambrian time. Further, we explained there how gmc_'lunlly an sgaw mm
state arose, during which the nucleus eontri'wted relatwely to the il @y‘a’%%@;
50 as to form crumples on the crust, :m('l‘ this wus t119 boginning &» %&«@wm;:
first great mountains and continents. The (5)}plu.1|at1011,'lmwevwrw LA ﬁw
£ the formation of mountains and continents wzm.mcmuplg,_n Lt s o
we must consider one more important circumstance, viz. the ize memf@ﬁm
of the carbonic acid on the temperature of Lh(_? ocean and the ais . iﬁ*‘“"@
as the volcanic activity during the primev_al time, as long as ther v Mﬁ
contracted more than the nucleus, was singularly strong, the @mwg#g
of carbonic acid to the ocean and the air was considerable. fﬁ:. smﬁ s@»
nearly all the ground was covered by sea, and the vegetable Bafar Bwpat

given o

20 ; ;
"y 1000 2000 000 mretres
Fra, 1. '

little developed, the consumption of carbonic acid by weatherfesgy wf
silicates: and: by organic processes was insignificant. Accordinglsyr, &
quantity -of: carbonic acid increased continually, and, by consecg usssspas,
the temperature of the air, then that of the ocean, and further t.¥ssas. wf
the groundsand of the sea bottom, gradually rose. And if simultars sally
also the intensity of the insolation increased, which is not improksesisfe,®
that rise of temperature was still greater. We shall now see whant wms
the influence of this on the crust. Suppose, for instance, thsus.
mean temperature-of the ground (=ses bottom) was 20° C, %ﬁ%&.ﬁ&m@;
the primeval time, but gradually rose to 30" C3 [Fig 1 giwes a
graphic representation of the increase of the temperature in the
with" depth: - According to the known laws of the conductieser wif
heat, the temperature at different depths is represented by the EmEmxly
bent curve ABC, as long as the temperature remains constant at BE¥™ €= 4
o

L Chapter 1, pp. 5 and 6.
2 Op. chapter 8, p. 17.
) 3 We have alrendy seen that a relatively little incrense of the quantity of carbosude ameng
in the atmosphere is sufficient to produce an increass of temperature equal to 10° ¢, '
i +*The yearly and other variations of,short period do not sensibly alter the
course of the curve, for they penetrate only to a depth of a few metres,
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tnined at this degree during millions of years, then firstly the ocean is
warmed, secondly heat penctrates from it and from the air into the
eartl's crust, and simultaneously the conduction of heat from the
intevior of the earth is going on invariably in the deeper layers, At
first the temperature is speedily raised in the uppermost layers owing
to the supply of heat from above (the dotted lines are intended to
indicate this), then a very slow rise of temporature is going on, owing
to the supply of heat from below, and this extends to depths which are
always inereasing, wuntil the ewrve AWC, representing the new dis-
tribution of temperature, has become nearly parallel to the former curve
ABC, but at a depth of several kilometres.! Consequently then the
temporature of the crust has been raised relatively to the nucleus by
about 10° €. What this signifies is shown by a simple calenlation.
The coefficient of linear thermal expansion of the crust may be assumed
to be 000002 por 1° centigrade ; and as the eircumforence of the earth
is 40,000 kilometres, the whole cireumference is lengthened by
10 » 0-00002 x 40,000 = 8 kilometres. But as the crust is not strong
enough to break loose from the nuclous, it must bend and crumple
itself in order to find room. 1f only one fold were formed at the end
of the periml of ex pansion, it would have a height of nearly four kilo-
metres, which wonld be ax high as the tops of the Alps. 'To this
comes, moreover, the surphis already pointed out depending on the slow
cooling of the nucleus.  Moreover, as is proved by the geological facts,
the effcct of such n slow expansion is in reality enormously greater
than the sbove caleulation seems to indicute. For as soon as tho ex-
pansion of the erust has been great enough to produce & erumple in it,
this generally splits and the fissures formed are filled with eruptive
magnia, which is pressed up as wedges. Also the cavity formed under
the crest of the crumple will be filled with such a magma. Thereby
the erust will increase still more in length, thickness, and rigidity,
wheress the muclens will diminish in volume, 50 much the more as &
part of the magma will often rise and spread over the surface of the
erust, After some time a new crumple will be formed, and the same
pracess will be repeated, and so on. Thus the above result found by
Hein (sae p. 8) ought to be explained.

In this manner the first great mountains and continents rose from
the ocean. But as tho chemical processes by which carbonic acid is
consumed, both in inorganic and in organic nature, aro strongly
accelerated by a high temperature and nlso directly by an inereuse of
earbonic acid, and as the land areas where these procosses were going

1 The depth at which the auplitude of  pertodical varintion of the sarfie temporature
is veduced in @ given rate belng proportional to the aquars root of the length of the period,
and the splitude of the yewrly puriod being reduced to the half at & dopth of 2 %0 4
wugtres {varying with the conductivity of the ground), we find the fallowlng lengths of the

perjod corresponding to dapthe, st which the smplitade {5 redneed to the half of ils value

at the surfive 1~
Langth of paricd. Deplh in metres,
1 willion yeurs 2000 to 4000
4

" » 4000 1o 8000

9 " 8000 to 12000

16 . " 8000 to 16000
A H O,

A J. Angutrim, © Mémoire sur la tenpieatare de Ia terre 4 diffdrentes gwrm\dem i
Upsal, Upial, 1851," Avta Reg, Soe, Se. Upaalionsis, Bér. 3, vol, L pp. 147-224, Upaalie, 1855,
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on had a very great extension compared with that of the forme¥r
the consumption of carbonic acid was now inereased to so high @ « ;
that the quantity of it contained in the air beca}no at first sft»amsﬂ* e

and then began slowly to diminisvh. But during long tirzies SAGRuS
diminution was prevented by the influence of the oceans. For dsw e
denudation and erosion of water a great many curbonates, ete., ¥
transported to the oceans, which thereby provided a richer foud &
before to the lime-shell animals, By the vital processes «f #f
animals great quantities of carbonic acid were gradually set free = ‘
given back to the atmosphere as explained above, according tor &m
theory of Chamberlin. Hence the temperature of the genial pczr:mzi W
still raised and its duration lengthened. But as the ocean gives brusalle
to the atmosphere only a part of the carbonic acid consumed Irs i %Eﬂh@
chemical processes, whilst the rest is precipitated in the form of st rumﬁaa
layers of limestons, a time must have come when the provigioyy st

1000 2000 3000 metres

Mo, 2,

up in the ocean was consumed, and then the quantity of carbonic il
in the air gradually diminished. By eonsequence, also, the temperatyyre
of the air beeame first constant and then hegan slowly to fall, LV
consequence, the cooling and contracting of the earth were going om,
during a long time, at the same rate both in the crust and the nelesss.
Thus & state of rest arose in the voleanic activity, and accordingly ém
the production of carbonic acid, and the temperature fell more anet yepesgwe
and the climate deteriorated.

But the relatively low temperature which now ruled during  Joasg
agos exercised two Influences which gradually inereased the rate of
carbonic acid again, and thereby raised the temperature of the air, oe
and ground. .

Firstly, the consumption of earbonic acid for weatheri ng silicates meopsd
for other chemical processes, both in inorganic and organic nature, wums
considerably diminished owing to the low temperature,

Secondly, the volcanic activity was increased, which caused By
creased production of carbonic acid. In order to understand this, let sm
consider Fig. 2 (¢f. Fig. 1), and suppose that the mean temperatuire b
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fallen from 307 to 207, and then further front that to 10 C! Now
let the curve A'B'C’ represent the distribution of the temperature at
difforent depths towards the end of the genial period, when the mean
temperature of the earth's surface was still 30° C.  As soon as this hax
fallen to 20° C., the heat of the crust is rapidly going away from the
nppermost layers to the swrface and radiating away from it, Thereby
the geothermal gradient is gradually increased, and, of course, also the
loss of heat by conduction ; and this will go on to continually deeper
layers, until the distribution of temperature will be such as that indicated
by the dotted line beginning at 20 C. at the surface. Further, as soon
a4 the mean temperature of the surface has fallen to 10" C,, the heat is
conducted still faster away from the erust, and the distribution of the
temperatnre after some time will be that indicated by the dotted line
beginning at 107 C. in the surface. If this low temperaturo continues
long cuough, the heat of the carth is carried off from always deeper
layers, and finally the distribution of the temperature will be that
indicated by the curve A"B'C’, which, still at » depth of several kilo-
metres, is ranning nearly parallel to A'BC Thus the mean temperature
of the crust has fallen by not less than 207 G, ina ralatively short
geological period.  Tu the same time the nuclous has beon cooled only
very little, at the wost 17 or 2 C., nud thus, principally owing to the
diminution uf the quantity of carbonic acid in the atmasphere, a relutive
fall of temperature amonuting to nearly 20" ¢, has taken place in the
crust. A contraction is thereby produced in this relatively to the
nuclous, the amount of which may bo easily ealeulated if we know the
coofficients of thermal linear expansion for the erust and for the nuclons.
For the former we assume, as above, this coefficient to be 000002, for
the latter we may suppose it to be twice as great, or 000004, and
nccordingly the relative contraction of the crust will be at least
90 = 000002 » 40,000 ~ 2 x 000004 = 40,000 =128 kilomoetres ou the
whole eivenmference of the earth, Evidently, as long as this contraction
is going on, & groat many fssures and suhsidences in the regions formerly
crumpled, with accompanying voleanic eruptions, will occur,  But thereby
a gonial geologieal period is again innugurated. This, of course, just
as the formor perinds, will then have its progross, culmination, and
desadence, owing to the repetition in nature of neurly the same influences
us before, and this will go on as long as the interior of the earth is hot
enough 1o maintain voleanie activity.

Thus during the whole geological interval a poriodical variation in
the mean temperature of the atmosphere, the oceun, and the upper crust
of the carth has been going on, as shown by the above reasoning, which
is based oxclusively on physical arguments. It is evident that the
length of such a period will be considerable, and will probably amount
to many million years; but this theory, of course, is unable to determine
its mean longth.

It now romains also to prove the existence of this variation by
means of purely goological facts; but before doing this we shall eonsider
two more physical circumstances which will noticeably wodify the
variation.

T his is uet more than the protable fall of temperature from the Cretacenns to the
Pleistossus peried, |
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The one js the continual erosion and denudation of the continents
by means of rain. Itg effect will be very complicated ; for on the ane
hand i uneosvers the rocks for the weathering process and thug reinforces
t,i‘m vonsstmption of carbonie acid, but on the other hand it transfers,
directly or indirectly, the surface of the earth to the sen, where it is
covered by water and thus protected from weathering, Probably the
latter offect s stronger, and thus, the weathering being much more
active during the warm periods than during the cold oues, the result
will be that the warm periods are much strengthened and lengthenerd
and the cold anes enfeebled and shortened.  Also the crosion and
denudation is very important for life on land and in sea, and thereby
miy exercise a marked influence of & very complicated nature. I ean-
not enter on this question, which has been elaborately discussed by
Chamberlin.! “

The other modifying circumstance is the influence of the great oceans
on the temperature on the carth's surface,

As we know, the ocean, nowadays, covers the greater part of the
earth’s surface, and there can be no doubt that this has always beon so.
But out of the heat that the ocean receives from the sun and the air,
ovly a little part penetrates to its bottom. For as a rule the heated
water is more buoyant than the underlying colder layers, and thus is
floating above. Only exceptionally does it happen that the warmer
water sinks down owing to its greater saltness. The slow motions in
the oceans caused by the differences of temperature are at present such
that the ice-cold water at the poles is sinking down, and spreads on the
bottom of all deep seas which communicate with the polar basins.
Owing to this, the temperature of the ses bottom is at present nearly
constant, and about the freezing-point or a little below. This has
evidently been so since the Great lce Age. The rise of the mean
temperature of the air, amounting to about 5° C., which has taken place
flintm the Ice Age, has thus only come to benefit the crust in a small
%S@mubhing similar must also hold good for earlier geological agas.
For evon during the periods when the polar regions enjoyed a temperate
or genial climate, the mean temperature there must nevertheless have
been lower than nearer to the equator, though the difference ought then
to have been less than during the colder periods, And if the desp
oceans always have communicated at least with one of the polat basins,
~~which I believe was the case,—we must conclude, according to the
laws of physics, that the mean temperature of the bottom of the ocean

~ has always ‘depended on the temperature of the surface of the polar
. basing, where the coldest water sank to the bottom,
- Hence it can only have been during the hottest periods of all that
~the expansion of the crust, owing to heating from above, became 80 con-
siderable that great tains and continents were lifted up from the
‘o8 ‘ ]  evident that the calottes of the crust which
‘Burro the have got, on account of the stronger cooling,
mrontier rigidit n the other parts of the erust, where the cooling
on the whole, have been feebler, In consequence, the polar calottes
een less crumpled than the other parts of the crust, and no large
S * 00 Ohamberlin, Lo, g, 616 and following,
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and mountainous polar continent has probably ever existed, unless,
perhaps, during the primeval or Archsean era.!

It also follows from the above that an increase of the mean tempera-
ture of the atmosphere is only slowly and partly communicated to the
botjcom of th.e ocean, and from hence to the crust, whereas a decrease is
rapidly and in an exaggerated scale propagated to it. Now we have
seon that every heating of the crust produces effects that tend to
increase the consumption of earbonic acid, and accordingly to ecol the
atmosphere. Thus the ocean, by protecting the crust from being heated
from above, has the effect of prolonging an age of genial climate. On
the other hand, as every cooling of the crust produces effects that tend
to rapilly augment the production of carbonic acid and thereby to warm
the atmosphere, it results that the ocean, by accelerating the cooling of
the crust by means of ice-cold water, has also the effect of shortening
considerably the length of a cold geological period. Thus we are led
to the conclusion that the geological periods of an intense cold have
constituted only a very short time in comparison with the periods of a
genial climate. :

Wa will now compare the above theory with the testimony of
geological facts.

First, then, T shall remark that the explanation given above of the
principal cause of voleanic activity and formation of mountains and
continents fully agrees with the views of modern geologists, as far as I
have been able to judge.? And I think that some of the difficulties
hitherto felt in the explanations of the facts observed will be removed
by applying the above theory to these facts.

Firstly, the geological history of the earth gives evident proofs that
both the voleanic activity, the formation of continents and mountain
ranges, and the climate during the geological past have undergone such a
periodical variation as I have deduced from a purely physical reasoning.
And these proofs are more evident the more fully we know the geologieal
facts,®

Of what has passed on the earth during the Archman era and the
older periods of the Paleozoic era we know too little to be able to make
a comparison. ‘We can only say that there is nothing to be found in
the facts now known that disproves our theory.

" But after that time there are positive facts enabling us to make a
comparison. Thus, according to TFrech,* we may distingnish during the
history of the earth two periods during which a mountain formation em-
bracing the whole globe has oceurred, viz. the younger Palwozoic (Can-
honiferous) and the second half of the Cainozoic eva (after the Oligocene),

B ¢ the angular velocity of the earth in its rotation has been noticeably retarded by tidal
friction, and as a conssquence of it the earth hns gradually tn.kell.n. mors spherical form
duirlng geslogleal time,—which is very probable,~the same effect will have been produced

thereby, viz. the crunplings of the crust accompanied by fissures nearer the equator, and the
forming of fissures without erumpling in the vieinity of tl}e poles,
% dae, for ingtance, the treatise by Neumayer and Uhlig cited above. o
#8784 Avchibald Geikie, Zewt-Book of Geology, 2nd ed,, London, 1885, p. 22, says: “As
aviderice has acoumulated in favour of periodic alternations of climate, the conviction Tas

/Teen strengthenad that no mere Joeal changes could have sufficed, but that seculax variations

ig olimate must be assigned to some general and probably recurring couse.” (The last

41 was not accessible fo me, ) . ., ]
; ﬁé%r‘i‘;:?%‘]gecﬁ, “Jeber die %%ebitgshildung im paldozoischen Zeitalter,! Geographische

‘ Z%tsclm}ﬂ, Jahrg, V. 1899, p. 563 and following.
D
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whereas the Mesozoic and the beginning of the Cainozoic era wore
generally times of deep immoblllby. According to N eumayer gmd Uhlig,!
we may likewise distinguish a Pre-permian and a Tertiary period of general
activity of mountain formation, which are separated by a long period of
rest, during which no crumplings and only few volcanic eruptions occur_r‘cd,
whereas the immersion of land in the ocean increased, and stratified
deposits were continually formed. - But theso_ authors put the l:»ug}nmng
of the later period of activity SOII.le“rhiLt earlier ‘th:m Frech, viz. in the
upper Cretaceous, though tl?e 1)1‘1}101sz1 cr}unphng oceurred later, and
was going on with interruptions till the Pliocene.

Now both these active periods constitute the later part of a very
warm period, and the transition from it to a very cold one. During the
warm period we find a luxuriant vegetation, during the cold one a poor
vegetation and a glaciation of large regions of the ground. As to the
elder of these periods, the Permo-Curb011iferous,'the facts are '1ess reli-
able; but, according to the opinion of most geologists, it en(‘]ed with a cqld
age, which approximately falls in with the Permian period. The rich
flora of the Carboniferous period was then partly extinet, and a check
in the vegetation occurred. Also a glaciation of large regions, com-
parable with that following the Tertiary period, occurred. The traces of
this glaciation have been found prineipally in the southern hemisphere,
where a great continent existed at that time, and may be partly explained
by the height of the land. But its existence and great extension seem
to be acknowledged as a fact by nearly all geologists. But it did not
last long, geologically speaking ; for after it occurred the Mesozoic era,
which seems to have enjoyed an invariably genial climate. This long
warm age culminated during the Cretaceous and Eocene periods, when
the vegetation again reached a luxuriance comparable with that of the
Carboniferous era. But then a great activity in the formation of
mountains and continents set in, and as a consequence we see a gradual
terioration of the climate, commencing just as after the culmination of
the Carboniferous warmth. The temperature is now falling rapidly,—
geologically speaking,—and at last the Great Ice Age breaks in, As
~to-this, there'is no doubt about its existence and extension. For it has
left traces.all over the globe, and they prove that the lowering of the
.temperature was general. The snow-line is found to have been lowered
everywhere on the earth by about 1000 metres, indicating a temperature
about 4° or 5°.C. lower than the present one, But the cold period was
but short compared with the enormously long genial age previous to it.
And the cold was not continual. For it was interrupted by at least
two or three temperate inter-glacial ages, during which the climate was

even somewhat milder than at present. Some geologists count up to six
inter-glacial periods. Some of these may have been only local, consisting
in a melting away of the southern borders of the ice by a rise of the
-summer  temperature owing to the astronomical cause considered in
the next chapter.  But the great and general inter-glacial periods of the
Pleistocene cannot be explained thus. They no doubt depend on the
same cause as the long-period changes above discussed—that is to say, on
a variation in the quantity of carbonic acid of the atmosphere. I shall
now show that these periodical variations during the Pleistocene were
! Neumayer and Uhlig, Lo, p. 857 and following.
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probably caused by the modifying influences pointed out above, viz. the
c;rmicm aned denudation of the land by water and ice, and the ,inﬂu.ence
of the ocean on the temperature of the upper crust. Of these two
influences, the Int.'tar was no doubt the far more effective, and therefore
we shall eonsider it first.

During the hottest period, Cretaceous and elder Cainozoie, the crust
wis hested, and thus expanded relatively to the nuclous. But the
heating and expansion were by no means uniform, for the continents
were heated mueh more than the sea bottom. Moreover, this had
senerally a greater rigidity than the land, as it had been cooled by the
water. The consequence was that the erust was crumpled prineipally
along the coasts® and in the warmer regions of the carth. Very
instrietive in this respect is the account which Suess gives of the
extension of the young mountain ranges. We see from it how the
wrinkle caused by the relative expansion of the crust runs from the
south-west point of Burope eastward over the south of Asia to the East
Indian Islands, then north-castward along the east coast of Asia up to
Kamtschatka, and from that turns in a sweep southwards over to
North Amorien and farther along the west coast of this continent,
whenee it turns in another sweep to the east over the West Indian
Islands to the north end of South Ameriea, and finally along the west
const of it down to Cape Horn and perbaps on as far as Graham Land.
Thus we seo that the crust has closed up both in & north-southerly and
enst-westerly direction, but principally in the warmer regions of the
carth by means of a crumple running along the coasts.

Now as soon as the temperature had fallen enough to produce a
glaciation of the polar regions, the sea bottom was rapidly cooled by
ice-cold water, wheroas the continents at a greater distance from the
poles were still relatively warm. In consequence, the sea bottom
contracted, and the fissures at the borders of the young mountain ranges
along the cousts wore opened so as to produce vertical faults with
subsicdonce of large regions along the feet of the mountain ranges.
Thereby arose a very lively voleanic activity, producing a range of
voleanoes and volcanic eruptions along the new mountain range, and
also in several other places. This is shown very strikingly by the
chart given by Neumayer and Uhlig? This voleanic activity is said to
have been very lively during the wholo Pleistocene period, and there
can be no doubt that it culminated during the periods of glaciation.
Thereby was produced & great quantity of carbonic acid, and at the
same time the consumption of it was considerably diminished, owing to
the low temperature and the ice-covering of large regions. By conse-
quence, the quantity of carbonic acid increased, and a temporary
amelioration of the climate occurred, forming an inter-glacial period.
This process may have been vepeated several times.

During the inter-glacial periods, the upper crust of the land was
somewhat heated, but their length was probably too short to produce
an expansion sufficient for mountain formation, so much the more so

1 Thareby I do not mean to say that & ernmpling along the consta ig a general rule .in the
formation of mountains, but only that it probably is more common than the crumpling of

the orust far from the coasts, ”
2 Neumayer and Uhlig, Lo p. 104, * Vertheilung der Vulkene auf der Erde.
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as the temperature of the sea bottom remained constant at about the
freezing-point during the whole Pleistocene era, and from that to the
present time,

But during all this time erosion and denudation acted constantly to
diminish the large surfaces of the mountains and continents formed
during the end of the warm period. Simultaneously also large land
areas were immersed under water, such as the Mediterranean, the Red
Sea, the greatest part of Scandinavia and Finland, the regions south-
east and east from Asia, the Caribbean Sea, ete. Thus, after some
glaciations the consumption of carbonic acid must diminish so much
that a permanent or at least very long amelioration must occur. Buf
the end of the last glaciation occurred so recently that we cannot say if
we now are living in an age of periodical glaciation or at the beginning
of a genial period.

6. Fuariations of the obliquity of the ecliptic, and their influence on
‘ the climate.

After we have thus tried to explain the cause of the great climatic
changes during the geelogical past, it remains to examine the smaller
ones. Among these there is one that requires our special attention,
because it very mnearly concerns us. It is a climatic variation which
has been shown to have happened during the Quaternary time, after.
the melting away of the ice in the northern countries, particularly in
Scandinavia, Spitzbergen, and Greenland, and which no doubt is still
passing on. It has been also, if not discovered, yet examined most
aceurately by Swedish botanists and geologists—EF. W. C. Areschoug,
S. Berggren, Th. Fries, A, G. Nathorst, Gunnar Andersson, H. Hedstrom,
and others.

Already Berggren and Fries, but still more positively Nathorst,!
conclude, from the phyto-geographical state of Spitzbergen, that there
must once have been a time, after the present vegetation of Spitzbergen
already had immigrated, or during which it was immigrating, when the
climate was warmer than now. And proofs of the existence of such an
age i3 also afforded by the geological evidence, which shows that there
wase an interval during the post-glacial period when the sea was warmer
than at present, so that Fucodium conaliculatum, Mylilus edulis, Cyprina
tslandica, and Litoring litoren could live there, none of which nowadays .
is to be found in the Spitzbergen waters. Further, Nathorst remarks
that signs of a milder climate during the post-glacial time may be found
over nearly all the northern parts of our hemisphere—=Secandinavia,
Iceland, Greenland, North America, etc. This was indeed indicated
already in 1866 by Areschoug concerning Seandinavia, for the reason
that certain plants, as Trape natans, Ilew, Acer campesire, ete., had formerly
wider northward dissemination than now. Also British authorities, as
J. Geikie and J. D, Hooker, have arrived at”the same result. So far

1 A, G. Nathorst, ‘‘Nya hidrag till kinnedomen om Spetshergens kirlviixter och dess
viixtgeografiska forballanden " (* New Contributions to the Kuowledge of the Vascular Plants
of Spitzbergen and its Phyto-Geographical State ), 8tockholm, 1883, K. Sv, Vet, Ak Handl.
Bd. 20, No. 6, p. 68 and following pages,
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Nathorst. It may be remarked that already Ehrenheim,'in 1824, tolls
us, ns & proof of the deterioration of the climate in later times, that
wood formerly grew in the northernmost part of Norway Tong above tho
present wood limit.

Gunnar Andersson? on the basis of the history of the Swedish
vegotation, has given a general description of what is at present known
abont the climate of Sweden during the Quaternary Age. Lator he has
in the same way studied the climate of Finland also.  After the melting
away of the ice the temperature gradually rose, and a steadily incrensing
flora immigrated. First came an arctic vegetation, the Dryas florg,
with Dryas, arctic willow, and dwarf bireh; later came the flora of the
common birch, then that of the fir, and at last that of the oak. The
latest indicates the warmest time of the Quaternary climate. The oak
grow then farther to the north than now, and formed real forests as
well in Southern and Middle Sweden as in Southern Finland, and the
hazel (Corylus avellana) throve in Southern Norrland north of the
63rd latituded Simultaneously the water-calthrop (Trape netans)
throve and ripened its fruit in the lakes of Southern and Middle
Swedon and Southern Finland, Andersson has also tried to determine
approximately the millenary of our era, when this warm climate
oeenrred.  The oldest known traces of the existence of man within the
lintits of Seandinavia first inbabited descend to the middle or later part
of the Onk Age, and these men belonged to the elder Neolithic Stone
Age, who did not know the use of sharpened flint. Now as, according
to Oscar Montelius, the Bronze Age of Sweden began at latest about
1700 years B.c., and Andersson ostimates the duration of the Stone
Age in our country as at least oqually as long time as that which has
elupsed from the beginning of the Bronze Age to our time, and perhaps
some one or more thousand yesrs longer, thus man has lived in Sweden
for at least 7000 years, and perhaps some one or more thousand years
longer. The time of the warmest climate in the northern countrios
accordingly occurred some 10,000 to 7000 years ago. But after that
time the climate has agsin gradually deteriorated, and, as we shall see,

the deterioration is still going on. The water-calthrop, for want of
gummer heat, has become completely extinct in Finland and also in
Sweden, and is now to be found only in a single lake in Scania ; this
plant is said now to thrive well only in South Europe. The oak,
hazel, otc., have retired backwards to the south, partly for want of
summer heat, farﬂy owing to the struggle with other treos and shrubs
requiring less heat. S

! Khrenheim, ¥ Om Climaternes rrlighet " (“On the Varinbility of the Climates™), K. Vel,
Ak, Stockholm, 1824, p. 178+ ‘“In tur newspapera fov 1817 “we have read & letter from
Wadst, whers they complained St the d¥itminte of lster thios lins become havder ; the wood

beeomes extinet; the line for Tovest growth: i#- golng downwards from the heights ; where
trees are dying new ongs do nob “gome 'y fi-the fi miosses in the Alps one finds fxee

stems and roots where no troes are How growng oo
8 Guunar Anderason, Svenska eiatieriding Titgtordy 2dre uppl., Stockholm, 18986, p. 82
and following (*The History of the Bwadish Vegetation, Sud edi) ; * Bindier Gfver Finlands

torfmossnr ooh foasila kvartiivilora "(* Btudios on the Turf Mosses and Fossil Quaternary Flora

of Finland "), Bulletin de bt Commisgion. gologique de TFinlonds, No. 8, Helsingfors, 1808,

% goo also L, Hedstrdm, “Om hasselns fointida oelh mutida utbredning 1 Sverigs '
(* On the Former and Present Extension of the Hazel in-Sweden ™), Geol. Foren, Forhandl,
Bd. 15, 1808, Hedstrim concludes that the time of ‘this milder climate falls at and neavest

after the maximal extension of the Litoring Sen.
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Comparing the former and preseut northern limits of the b Egim?;i
the position of the mean isotherms for the year, Andersson T ﬁ%m
doecrease of about 2°C. in the average yewrly tempoerature of Sort 5
and Middle Sweden from the warmest time of the Quk Ape to th
present time.

Frg. 8.—Map showing the ocenrrence of the hazel as Fossil (0) and Living (43} in ¥aldle
and North Sweden, according to Gunnar Andersson. The thick continuons limes o
nate the isotherms of the Smmmaer half of the Year (April to September inclusive} on an
averaga for 1860-1894, They are true isotherms, not reduced to sea-level. Tho dutbesd MHus
indicates the present northern limit of & mora frequent oceurrence of the hazel (also acomrdi

to Gunnar Andersson), The thin continvous line represents the curve of g hefght of 3
metres above sea-lavel,

As we shall see, thers is, however, no reason to believe that the
temperature of the winter half of the year has been sensibly different
now from what it was then, And, in fact, the flora of so northern g
country as Sweden cannot give any trustworthy evidence for judging
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of any little variation in the winter temperature. If we consider the
isotherms only for the summer half of the year, we find likewise a
deerease of temperature amounting to about 14° to 2° C, from the
warmest time of the Oak Age up to our time.! This is illustrated by
the accompanying chart, Fig. 3.

I shall now show that all this Quaternary variation of climate may
be simply and completely explained by means of the long-period
variations in the ohliquity of the ecliptic, .e. the dihedral angle between
the planes of the cquator and the carth’s orbit. The most reliable
caleulation of this is considered to be that made by J. N. Stockwell.2
I have tabulated the formula given by him?® from 100,000 years hefore
down to 50,000 years after our time, and therefrom drawn the curve shown
in Pig. . According to the formula, the mean value of the obliguity

o JeVerr 1850

Thousanas of years before 1850
w0 4t ® o R # L L] 10

e l\ __\ 24
NN

22

. Thowsands of yeaars afler 1850
0 0" w

(]

24

",

Fia, 4.

is equal to 23288, the greatest 24°:600, and the least 21°9717.
But the greatost and least values which oceur during the above-named
time of 150,000 years are found to he :— ~

Year, Maxhnum. Year. Mindmum,
-91,014 2431 - 88,759 92%9
- 48,022 2447 -~ 28,206 22413
~ 9,078 2424 +10,144 2258
+ 31,387 2401 + 51,618 2242

where the years ave reckoned from 1850 backward ( ~) and
forward (+).

1yt is not impossible that the Polar tribes lived farther to the north during the warm
time 0000 yoars ago than nowadays, According to Kurt Fassert (*Die Nordpolar-Grenze
der bewoliten und bewohnbaren Erde,” Petermann’s AMittheilungen, 87 Bd,, 1891, p. 141,
Chart : Tafel 11), the Bsquimaux once lived much farther to the morth than now in the
Arctic Archipelago of North America and in Greeniand, viz. north of the 75th Iatitude, and
at Kennedy's Channel between Grant Land and Greenland even up to 82° N. Also the
islands of New Siheria were once inhabited, We kuow nothing else, however, about the
date for this. See also the next chapter, p. 51, the first ote.

2 3, N, Stockwell, * Memoir on the Secular Variations of the Elements of the Orbits of
the Eight Principal Planets,” ete., Smithsonian Contributions to Knowledge, vol. xviil,
‘Washington, 1878.

8 J. N. Stockwell, Lo, p. 174, For my purpose I have put the formula in the following

simplified form t— '
¢==23"288 — 0°806 cos (0'008 897 04¢ -+ 251°76)

~0°210 con (0-009 179 18¢ -+ 262°83)

+0+165 cos (0-006 806 58t 806°32)

~0°069 cos (0012 586 714+ 21'11)

40054 cos (0:012 179 48(-- 182°68)

~ 0008 cos (0°018 200 80(+ 183-94)

—0°001 cos (0°018 826 83¢+ 20°52)
whera a signifies the obliquity at ¢ Julian years after 1850, and all the numerical coeficients
are expressed in degrees and decimals of a degree.
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> But the greater this angle is, the warmer, and the less it is, the

cooler, will be the summer of the northern countries, and that for two
~reasons. ‘When, for instance, the angle has its maximum, the polar circle
arrives at its southernmost position, and by consequence both the time
during which the sun is above the horizon in summer attains its greatest
length, and also the sun its greatest height in the sky, and both these
circumstances increase the summer heat. The inverse will be the case
when the angle has its least value. Thus a periodic variation of the
climate occurs, the length of the period being about 40,000 years, and
alternately warmer and cooler intervals of about 20,000 years result.
The warmest epochs occurred, as will be seen from the above Table, or
from the curve in Fig. 4, about 91,000, 48,000 and 9000 years ago, and
will oceur after about 31,000 years, ete. It is obvious that the warm
time 9000 years ago coincides with that caleulated by Gunnar Andersson,
when the warmest time of the Qak Age occurred. By a nearer
inspection of the curve, it may be found that this warm time must have
continued, with little variation, about from 11,000 to 7000 years before
our time, and thus during about 4000 years ; for the angle between the
efquator and the ecliptic has varied only little during these 4000 years.
But since that time the angle has gradually decreased, which has caused
a continual lowering of the summer temperature. This will continue
still for 10,000 years, after which time this deterioration of climate will
reach its eulmination. From the table or the curve one may see that
cold intervals oceurred abont 69,000 and 28,000 years ago, and will
oceur after 10,000 and 52,000 years.

The most interesting to us among these intervals are that with a low
summer temperature which occurred 28,296 years before 1850, and
that with a high summer temperature which cceurred 9076 years before
that year, because these must certainly have had influence on the climate
of the Quaternary Age. We shall now examine how great this influence
was.  Firstly, as to the length of the time during which the sun is
continnally above the horizon about midsummer. T have caleulated it
for Karesuando, the most northern meteorological station of Sweden
(68° 26" N., 22° 30" E. fr, Gr.).1

We find that this time lasted

from June 3 to July 10 inclusive, i.c. 38 days, 28,300 years ago.

» May 22to0 ,, 922 . 62 ,, 9100 .
» May 26to ,, 18 ' 54 ,, at present.

It is obvious that so great a variation in the length of the time
during which the sun is above the horizon cannot be without influence

I Let & be the declination and a the right ascension of the sun, and ¢ the obliguity of the

ecliptic, then we have
tand=tanesina,

where, with a sufficient approximation, we may take for o the values published for any
year in the Nawtical Almanac. By this approximation we neglect the variations depending
upon the secular variations in the eccentricity of the earth’s orbit and in the longitude of
its perihelion ; but as the total amount of msolation is constant for a given angle of the
ecliptic, an increase of intensity of insolation will always be compensated by a shortening of
the duration, so that the result will be essentially the same as if the eccentricity and the
longitude of perihkelion were constant.

Let ¢ be the latitude of the station, and put 35° for the horizontal refraction, then the
sun will be continally ahove the horizon as long as

8>90°— ¢ — 35",
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on the temperature and the vegetation. Such a variation oceurs in all
latitudes, though, of course, it is not so great south of the Arctic Circle,
; Further, in ordér to determine the inflnence on the temperature, 1
3 have, according to the methods indicated by Meech,! Wiener,2 and
Zenker,® caleulated the relative intensity of the insolation for the 15th
of every month, and for every 5th latitude in the northern hemisphere,
during the three epochs in question,* and then, by taking the difference
_ between the values for the two old epochs and those for the resent
time, calculated the overplus or the defect of insolation nt these epochs
compared with the present time.

In this manner I obtained the following Table ITT, P 43—

In this Table the mean insolation falling on the earth in twenty-
four hours is assumed to be 720 gram-calories per sqnare centimetre,
corresponding to a solar constant equal to 2.  See Chapter 3, p. 19,
and the foregoing note.

Further, as shown in Chapter 3, p. 19, by means of the differ-
ences in the Table I. and the mean temperatures of the parallels known
from meteorological observations, I have calculated the differcnces from
the present temperatures which correspond to those overpluses or
defects of daily insolation. In this manncr the following Tahle TV,
p- 43, was obtained :—

As the differences of temperature given in the above Table are dedueerd
only from the differences of insolation, they ave valid, of course, only on
the supposition that the differences of heat are consumed in heating the
air and ground, and not in melting ice or snow and evaporating water,
and that the absorbed solar heat hienefits the place where it strikes, and
is not carried by means of winds and ocean currents to other regions.
Also, as the values are means for the parallel circles, and caleulated
: irrespectively of the different quantities of clouds or transparceney of the
3 air, there may he local anomalies to be horne in mind in the applieation

of the Table.

! Meech, “On the Relative Intensity of the Fleat and Light of {he Sun,” efe.,
Siithsonian Contributions to Knmwledge. Washington, 1856.

2 Wiener, ¢ Ueber ie verhiltnissmiissige Bestrahlungsstivke,” olc., Sehilimitel’s Zeitseh i
S Mathematik und Physik, 1877, Th. 22.

3 W. Zenker, Die Vertheilung der Warme auf der Erdoberfliiche, Berlin, 1888,

1 Also in this calenlation I have taken the right aseension n and the radius veetor i of he
earth from the Nawlical Almanac (1883), thus considering the eccentricity and the longi-
tude of peribelion as constauts.  This, for the reason above mentioned, introduces 1o error
of practical Importance. Assuming the cosine law for oblique rays, putting 5 constant
daring a day, desigeating by H the half day-are and by A’ the insclation in gram-calories
per square centimetre for perpendicular rays during a true solar day of a length of ¢
seconds mean solar time, when the radins vector of the earth r s expressed in its mean
value as unity, we get, ¢ being the latitude,

Sum of insolation during that day =2A"(sin Pxin I+ cos ¢ cos 8- «in ).
Now if A designates the insolation in the suwe units as A’ daring 21 hownrs=86,100
seconds mean solar time, when the earth is at its wean ilistance from the sun, we liave
Ae . Lo
86,400,%

CA,

I R R T

In order to be able to apply afterwards the method of calenlation expluined above
(Chapler 3, page 19), I pui now the absorbed insolation equal to § of Langley’s value, thus; —
A=2x1440, and A" = 3‘; 5+ Also the values of f have been taken from the Newtival

2

Almanac.
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TABLE III.—OverrLus (+) on DeFrer {—) OF THE INSOLATION IN GRAM-
Cavonies pER On® 1N TwENTY-Four HoURS COMPARED WITH RECENT INSOLA-
TION (1883) For THE 15TH oF EVERY MoxTH.

28,300 years ago.

N. | Jan. Feb. Mar. | April. | May. | June. { July. | Ang. | Sept. Oct. Nov. | Dec.

90 00| 00| 00 |-295{-500|~587(~564|-390] —94 00 o0 DO
85 ool 00| +23 1-294|~497!-585(-562[-307| -66 oo oo 0-0
8o 0-0 00| +30 |~258)-491{~578]-555|-393| - 60 |+

75 004 721 +31 |-199 ~482|-567(-545]|-327| ~52 |+ &5 0-0 0-0
70 |+ OI{+11-5) +30 |~ 173~ 396{-551{-53-0|-269 -49 |+ 95|+ 83 o0

65 |+12:6|+1321 430 [~ 158|317 | -438| -394 |- 234 | —44 |+ 99|+137 |+ 100
60 {+16:9 [+ 140| +2:9 |- 14-4|-274 =356{-32-4}-200] ~42 |+ 100]|+ 164 |+ 162
55 |+189|+145| +29 (~129|-237|-2991-27-61- 181 ~40 [+102]14+175]|+ 192
50 [+19-61+141{ +27 |- 11-8 |- =200 ~254(~242{-159| — 35 |+10-0[+18-1 4209
45 |+198|+138| +2:3 [-103|-172|-213]|-208]|- 170 -30 |+ 96]+184|+211

40 |+200|+ 131} +20 I~ 0-3|-139[-174|-174|-120| —2-3 |+ 88 +17-9 |+ 215
35 |[+1941+124) + 19 |~ 80(-11-8|{-136{-141|-100] —20 |+ 85 |+171]+211
30 |[+187(+11°5){ +1-9 |- 67{—- S1|-101{-11.0]= 77| —1-8 |+ 7-31+16-1|+202
25 [+17-4|+103| +1:6 [~ 57|- 56|- 71|~ 76]— 58|12 |+ 6-4|+14:6)|+188
20 |HI50 i+ 91+ 13~ 391— 3I|- 30|- 47|- 36| -08 |+ sz{+130]|+173
15 |+137]+ 79| + 1.1 1= 26— o5|4+ 03]~ roj- 18| ~01 |+ 4o0|+112|+157
o [+1I'51+ 63| +08 |- 12/+ 15|+ 30|+ 20|+ 02| o0 |+ 32|+ gz 4133
5|+ 95{+ 46| +oq |~ o4+ 36|+ 5.8+ 45|+ 1-8| +or1 [+ 23|+ 7-5|+106
I+ 71|+ 28| +o2 [+ T-7|+ 51|+ 76|+ 67(+ + 13|+ 56|+ 82

31| +0-2

9100 wears ago.

i | !

11'\3“' Jan. Feb. Mar. | April ‘ May. | June. i July. ! Aung. Sept. f Oct. Nov. Dec.
: H )’ '

i

'

e o ° ° o ¢ a o | o s o ° ° °

Q| oo o0 00 |+17-4 . +325{+354 +335!+24-7 +5.Sl 0-0 o0 o-0
85 ool o0 |-12|+173!+321][4+352 +33~4’+246 +39! oo o0 o0
80 oo0| 00 |-r4|+1651+320|+328 4331, +24-4! +34 | ~27 oo| o0
75 00| -g47|-15|+1101+ 3104 +34—o,+3~4i+21-5 +31{-5%50 o0 o0
70! 00| -68 | —16 |+ 105 ,+270 +32:6 +31:5:4+16-9! +30 | ~5.8 |- 38 [<20)

!
65 - 69| —80 | ~17 [+ 92 +21.4|+27-6 1-256{-1»145 +29 ! -63 |- 80|~ 43
60 |~ 951 -86 | -17 |+ 80,+190|+221|+204;+131| +28 | -63 |- 99|- go

55 (=106 ~8&7 | —16 |+ 70,+17-0{+ 185 +1691+1x8 +26|{-62|-108}|-110
50 {-112|-83 | -I5 {+ 65 4+151{+150 +142! 41051 +24 | —60 |-110|-122
45 i—n-g ~80 | —14 I+ 5~7i+x3-3 +rz~2'+119;+ 91} +21 | ~57|[-11:0l|-130
40 =120} =76 | —1-3 4+ 48 +115|+ 98+ 96.+ 80| +1:6 -53 {—-109{-130
35 —118 —71 | =11 [+ 1 + g4+ 57+ i+ 681 +14; ~50 |~103]-12-8
30 l-112] 66! ~10 |+ 3331- Sol+ 6oj+ 62!+ 55{+12]| 26 |- g7 |-122
25 ,-105) ~60 | ~08 [+ 25 + 62|+ 40,4+ 44 .+ 40} 410 —40 |- 89|-117
20 |- 96| -352|~-05;+ 19+ 43|+ 2~1;+ 24 + 31| +07 { —~34 |- 80|-104
i |
15~ 86| -43 | -03 |+ 10+ 29|+ 01§+ 07+ 19 +04 | —27 |- 72]- g4
10~ 77/-32 | -0z |+ o5j+ 06[- 15!- 12!+ 0g 403 {-20 |- 61{- 81
5|- 63| ~23]|~01 |~ o5 . — I-6(— 3-5;— 30:— 1-0 oQ i — 11 [~ 45{- 70
0 (- 45| -15{-0I |- I0,- 37{~ §50i~- 43 22; 02 | ~06 |- 351- 54
! ; E
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TABLE IV.—SuowiINe HOW MUCH THE MEAN TEMPERATURE OF FACH MoNTH WA=

Hierzer (+) or Lowekn { -

28,500 years ago.

Y THAXN AT PRESENT For DIFFEREXT LATITUDTS,

1 |

Feb. | Mar. | Apr. { May. 1 June. | July. | Auz. i Sept. | Oct. | Nov. | Dec. 1‘3\3;:‘1 !(‘?I:;r
o o o o 2 3 o :: o o -] o o o3

ool ocl|-37]-63{-73|{-71|-50 ~1.2] 00! 0O| OO;-51] 0O

ool+03|-37i-62|-731-70|-50 -08| ©0o| 00| 00O —50|+01

o0{+04]-33{-61|-72[-69]-49 ~07|+07] 00| OO|-49|+02
+10{+04{-25;-60|-63|-61i-41 ~0b6({+1-2] 00| 0O —-43|+04
+16(+o04l~-22i~44|-61|-59!'-34 -0bl+1-2+1-0, 0O —-38{+07
+17|+04{-20'-35{-44(-39'-26 —ogj+r2{+1-7:+1-31~-28{+13
+18|+04|-16:~30|-36 —3-21-2-0 -o5|+12l+20i+20~-2-3|+16
+18|+o4|{~1-3,-2:4|-30]|-28 - 18 —0gq{+ 11 {+21 +24{~20|+17

+16|+03|-12}-20|-23|~22!-1-4 —04|+I-T{+20 +2:6; —16 + 17

+1:51403 —z-o%—xy -10{-19{~13 —03}+10}|+1-9 +25" —14 +1-6

I
+I4|+02[-049 —r3 —-1:6|-16,-1-1 —02]+09 +1-8§+2-4 -I-I|+1§
+12|+0z{-07|-11{-12|-13'-09 —02|t0Q 417420 ~11|+14

411 |+o2|-abi-0F|-09g}i-1.0 —07 ~02]4+07 +1-6 +20 -06|+1-3

+10|+02|~-04 ~-05|-06|-07 -05 -01|+0b6 +14 +1.9 ~O5|+12

+08|+01{-03 ~03{-03{-04 —-03 ~01{+0§ +1-.2 +1-6 ~03]|+ 10

-3|+o7|+01]|-02 o0c| ooOl-01 —02 o00O}+04 +10 +14 ©O0|+08
+06{+o1|~01 +o1l+03|+02, 00 o00O[+03.408:+12 tor|tO7
+04{ co| o0 +o3/+o5{+04 +02 0pOj402 +07 +I1-0 +02|+05

+03| oof|+or +og5|+07|+06 +03 o00|+0T +05 +07 +04| 04

i | :
9100 years age.

Feb. | blar. Apr. | May. | June.| July. ] Avg. | Sept ! Qct iENm- TYec Apr.- . Our.
. S . - May. . .l Avg. | ¢ I-: - w. - 5"-'1“-2 A
> L3 -3 - > - o ] - -~ o -~ ! -:“

co| col+25|+41|+44{+42:4+31{407 00 00| 00|+32| 0O

00|=C2i+22 441|444 |+42(+31|+05, 00 0O| 00O +31} 00

O0|—-0-2|4+21(+40[+44{+41{+31[+04 —03 G-0| @0{+30C.-01

—06|-02|+15|+39(+43|+41{+27 +04 ~00] ocof 0O|+23 -0z

—0Q|=0-2{+ 13|+ 35|+ 3H6)+35]+10l+0g4i-07!-05| 0O]t241-04

)

—-1o0|-oz|+1-2|+271+28|+20{+15(+03-07{~10|-00 1‘1-9;—0-7

-1-1|{~02|+0g|+1-g|+22(4+20 +-3[+03F -07]|-1-1]|-1-1|+14:-09

~11]-oz{+od|+1-7|+19|+ 17 |+12|4+03]-07 - 12|- 13|43 10

—-10j—-02|+07{+I-5|+ 15|+ 14|41 0 [+o2 -06;-T-2|- 1441110

-og9|-ofl+ob]|+13i+ 2410408402 -06-1-2|~-14]|4+00Q ~TDO

~08|-01{+05|+1-2|+0¢[+09{+07/+02 - 05 |~ -T{-1.3 +07 ~09

—o7|—01{t+og|+og|ioy[tor|+0b -01’-05 -10|-1-2|+06,-03

-ob|-or|+o3{+08|{+05i+00|+t0o5i+0T1 ~04 - 10|~ 1-2{+05 ~OF

-o5|-0r1{+02[+06[+04|4+04:404]+01,~04{-09|-1-1|+04 -0O7F

—o5|-0I|+02|+047+02 +02|+03|+0F, 03[ -08|~1-0]+02 - 06

H :

-04| 00|+01}+03] OO|+OI!+02) OO ~D2/-07|-0Q|+0I —0OF

—-03| o0} ©0O|+4+01}|-01|-0C1 00] ool-o2!-06}-07 00]—0-4

—oz| 00| 00|-01|-03|-03i-0I| 00 ~0T, -04|-06|-01 03

~o1| 00|-01[-03{-05|-04!~02| 00/~0] ~03|-05|-02 -02

a i ]
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Now, considering first the condition 28,300 years ago, we see that
the summer half of the year was then cogler than now, viz. not less than
5% C. between the Pole and 80° N . and from 33° to 2° C.in Sweden. -
As to the polar region, this might signify partly that the temperature
was really somewhat lower, partly that a less quantity of snow and ice
was melted by the summer sun at that time than at present. But as to
Sweden, certainly almost the whole diminntion of heat has shown itself as
fall of temperature. It will be worthy of an inquiry, if there did not
perbaps occur at that time a local inerease of glaciation within the Kola
Peninsula, Jemtland, and other countries, as has been pointed out by
several geologists.! No doubt the fall of temperature is considerable
enough fo produce such an effect.

But as to the winter half of the year, it is rather uncertain if the
temperature then was 1° or 2° C. higher than now, as the caleulation indi-
cates. For, as shown by the temperature charts? for Sweden, the January
temperature of our country is about 12° C. higher than it ought to be
according to the latitude, and the overplus for the whole winter half of
the year will probably not be much less. But this great positive
anomaly is due exclusively to the influence of the Atlantic continuation
of the Gulf Stream and the warm South-westerly winds produced by it
and by other causes. It might have been that the overplus of tempera-
ture on the Atlantic from 20° to 60° N. lat. 28,300 years ago so much
enfeebled the Gulf Stream that the winter was not milder than now.

Further, considering the state of the temperature 9100 years ago,
we see that the sumamer half of the year was warmer then than now,
viz. between the Pole and 75° N. about 3° C.; and in Sweden from 2° to
173 C., which perfectly agrees with the result deduced from the ahove
inquiry of Gunnar Andersson’s on the northern limit of the hazel in
Sweden at both epochs, and with the other conclusions drawn by
geologists and botanists from their inquiries. As the overplus of
temperature amounted to fully 2° C: in Middle Sweden and Southern
Finland, and moreover the sun remained above horizon longer than now,
it will be quite explicable that the water-calthrop could then ripen its
fruits in the lakes of these regions.

As to the winter, we cannot here draw any conclusions. But it
might be possible that this season, owing to the influence of the Atlantic
continuation of the Gulf Stream, was as mild, or even milder, then as it
1s at present.

Still, a conclusion of great climatic and geological interest may be
drawn from our eurve (Fig. 4) or Table of the variation of the obliquity
of the ecliptic. Indeed we have already remarked that a period with
warm summers ought to have occurred 48,000 years ago. Now, as
however the phyto-paleontologists of our country have not discovered
more than one marked period of a richer and more southerly type than
now, viz. that which occurred 9000 years ago, we must assume that
48,000 years ago the ice covering Sweden during the Great Tce Age had
not yet melted away completely, or at least had so lately melted that a
richer flora had had no sufficient time to establish itself. Thus the end

! Guonar Andersson, *° Den Centraljimtska issjon (*‘The Ice Lake of Clentral Jemt-
land "), Fmer, 1897, p. 63.
* N. Ekholm, Famer, 1899, 7.c.
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of the Great Ice Age cannot have occurred more than about 50,000 years ago.
It may possibly have occurred later, but it seems not improbable that
the exceptionally intense insolation which, according to the formula of
Stockwell, must have taken place during the summer of the morthern
countries from- 50,000 to 46,000 years ago has materially contributed
to the melting away of the ice covering, and thus put an end to the
Great Ice Age. The principal cause of the gradual rise of temperature
about that time must, of ecourse, be attributed to a slow increase of the
quantity of carbonic acid in the air, as shown in the two foregoing
chapters.

The periodic climatic variation here discussed cannot, as far as [ ean
judge, have caused any sensible variation of the rain. The rather damp
and rainy period with mild winters which, according to the opinion of
most geologists, has occasioned the immigration of the Ilex flora to the
west coast of Scandinavia cannot therefore he explained thereby.
Possibly such a variation of climate was caused exclusively by geo-
graphical causes, as, during the land depression called by Swedish
geologists the Litorina depression, the lukewarm water of the North Sea
had a more open access to the coasts of the Scandinavian Peninsula than
it has now.

According to the opinion of some Scandinavian hotanists, particularly
Axe] Blytt and Rutger Sernander, the Scandinavian Peninsula has had
several alternating periods of dry and damp elimatesdurin g the Quaternary
Age, which have given rise to alternating growths of wood and moss,
indicated by alternating layers of trec-stools and moss in the Seandinavian
swamps. As it seems to me at present impossible either to contest
or to confirm this opinion by means of physical investigation, it may he
left to future research, so much the more as the question is still much
in dispute among hotanists and geologists.

After writing the above, I have found that this point has already
been considered by J. Croll,! who, by a method of calenlation different
from that which I used, ohtained a result as to the temperature of the
poles during the summer that does not differ noticeably from that given
in this paper. According to Croll:2 “ When the ohliquity of the ecliptic
was at a maximum, and the poles were receiving ;<th more heat than
at present, the temperature of the poles ought to have heen about 14
or 15° Fahr. warmer than at the present day, provided, of course,
that this extra heat was wholly employed in raising the temperature.
Were the polar regions free from snow and ice, the greater portion of
the extra heat would go to raise the temperature. But as these regions
are covered with snow and ice, the extra heat would have no eflect n
raising the temperature, but would simply melt the snow and ice. The
ice-covered surface upon which the rays fell conld never rise above 32°
At the period under consideration the total annual quantity of ice
melted at the poles would be y3th more than at present.” ~ So far
Croll. If we suppose, in agreement with the statement made by Croll
on p. 400, that the rise of 14° or 15° Fahr. is meant to take place under
the above condition only during the middle of summer, then Croll's
result agrees very closely with that given here. But supposing that

1 3. Croll, Mimate and Timr, London, 1875, . 398 &f =g,
2 J. Croll, Z.c. p. 402,
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the yearly average were considered, a rise of 14° or 15° Falr. would be
about three times too much. Also the remarks of Croll as to the influence
of this variation on the temperature in other latitudes are essentially
correct. But as the biological and geological facts, which in this paper
are explained as a consequence of the variations of the obliguity of the
ecliptic, were still very little known in 1875, Croll did not develop his
theory on this matter move in detail. And as the variation of the
eccentricity of the earth’s orbit is, according to him, the principal cause
of the great changes of climate during the geological past, his chapter on
the obliquity of the ecliptic seems not to have been duly estimated. I
wish now to acknowledge Croll’s indisputable priority as to the theory
in question.

7. Climatic variations during historical times, particilarly in Novth-TFestern
Europe.

It remains to comsider the variations of the climate during the
historical period. Here we certainly find a richer material of observations
than before, but at the same time such a want of order and regularity
that it seems at present nearly impossible to obtain a survey of and
establish a connection between the shifting phenomena. Tere we
cannot see the wood for trees. First, during the last hundred or hundred
and fifty years, since there hegan to be regular meteorological observa-
tions, the survey hecomes easier ; but then, on the other hand, the time
is too short, so that from this reason no reliable conclusions can be
drawn. Moreover, the material is o rich that the energy of a single
man is insufficient to work it out. I must then confine myself to a short
sketch of the climate of Scandinavia and the adjacent countries.

Almost the only weather phenomenon of which the old chronicles give
trustworthy reports are severe winters. The following statements
thereof are partly taken from Ehrenheim,! partly collected by Prof. R.
Rubenson and by him kindly placed at my disposal. The year of
the winter is determined by January, yet it is sometimes doubtiul
whether the chronicler has not taken it from December. Sometimes the
winter is indicated by the numbers of hoth years separated by a break.
Possibly in some case a severe winter has thereby heen doubled.

The Skager Rack and the Catte Gat (Ehrenheim writes, *“ the North
Sea between Norway and Denmark”) were frozen and available for
traffic for men and animals in the winters 1048, 122495, 1294 and
1296(?) [people rode from Oslo (Christiania) to Jutland], 1394, 1399,
1407-8, 1423-24.

The south part of the Baltic was covered with ice which would
bear traffic in the winters 1294, 1306 (people travelled over the ice
between Oland, Gotland, and Esthonia), 1322-23 (people walked and
rode between Denmark and Germany, and between Scania and Sealand,
and had regular lodgings on the ice), 1324 (the Baltic was frozen during
six weeks), 1393-94 and 1399 (people walked between Denmark and
Pomerania), 1407-8 and 1418 (people walked on the ice between
Germany and Denmark), 1423-24 (people rode on the ice from Danzig
to Lubeck, and had lodgings on the ice), 1426 (similar winter), 1458-59

! Elrenheim, 1 es;”. cited abave.
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and 1459-60 (the whole Baltic was covered with ice, so that people went
on foot and on horseback from Germany to Sweden and Denmark, like-
wise from Livonia, and this still at the end of March), 1545 and 1546 (7)
(the Baltic frozen between Mecklenburg and Denmark), 1573 (on the
Thursday before Whitsuntide people came on the ice from Sweden to
Reval), 1636 (people walked on the ice from Secania to Bornholm till
March 21), 1658 (the Swedish army went over the Little Belt), 1670
(the Little and Great Belts frozen), 1708-9 (the Belts and the Sound
covered with ice, people travelled on the ice from Gothenburg to
Marstrand, and still in June ice was left between the cliffs along the
shore of the Baltic east from Stockholm. The Baltic was covered with
ice as far as could be seen by means of telescope from the church steeple
of Danzig. The port of Genoa was partly frozen, the Adriatic covered
with ice, which had not happened since 859), 1776 (the Sound and the
Belts frozen, likewise the Zuider See, hut not the Sea of Aland, N.W.
from Stockholm).

Also from middle and south of Europe both Ehrenbeim and foreign
meteorologists report accounts taken from the okl chronieles about
winters so severe that they far surpass those of our time. Aceording to
Ehrenheim, these winters began to occur about 300 years before Christ,
and then have been comparatively frequent during the first thousand
years of our era. In the year 250 the Thames was frozen for nine
weels ; 508 English ships were imprisoned by the ice for two months.
The Black Sea was frozen several times, 401 (in tweunty days), 673 (ice
several ells thick), 800-801 (ice several feet thick). In 763 all the
Black Sea, and even the Dardanelles, were filled with ice; in the same
winter the snow in many places lay 50 feet deep. The Adriatic was
covered, 859-60, with ice which bore trafficc. In 717 all Asia Minor
was covered with snow during three months. In 1216 the Po was
covered with ice, likewise in 1234 when the ice around Venice supported
heavy waggon loads. From November 1334 to March 1335 a severe
cold reigned in all Europe; all rivers in Italy were frozen. In 1608
the Bosphorus was covered with ice, in 1621 Tikewise, and moreover the
Gulf of Venice.

“One might conclude,” says Ehrenheim, ““ that the extremes of cold
have decreased from the following facts:—since 1424 there is no
instance that the Skager Rack has been frozen, since 1573 none that
people have gone on the ice from Livonia to Sweden and Denmark,
since 1621 none that the Bosphorus has heen covered with ice, since
1635 (1636 %) none that the Baltic has borne traffic hetween Seania and
Bornholm, since 1709 none that ice has heen prevalent in the Adriatic.”

On the other side, according to Ehrenheim, the summers of Western
Europe have become cooler. “In Normandy the vine in older times
was cultivated with great success, and it was in the Middle Ages that the
vineyards north from the Cevennes were celebrated.  In the fonrteenth
century people were at last obliged to abandon this eulture, and instead
of it to plant apple trees in order to make cider. The Paris wines were
formerly served at kings' tables. In Languedoc there were, until 1561,
great vineyards on the slope of the mountain range that divides the
province ; there now grapes cannot even redden. In England also the
- vine had been cultivated during all the Middle Ages ever since the time
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of the Romans, and there exist old household accounts of hogsheads of
wine produced in the vineyards of N orthampton and Leicester.” Thus
“we find here again the contrast that the vine produced ripe grapes in
England and Normandy at a time when the Skager Rack froze, but has
not been able to do the same afterwards when this winter cold had
ceased.”

The first conclusion of Ehrenheim, viz. that the extremes of winter
cold have decreased, seems indisputable if we compare the state of the
ice in the Scandinavian waters formerly and now. Nowadays (during
the nineteenth century, more detailed reports since 1870) this is as
follows. On the west and south eoast of Sweden the navigation 1s only
during severe winters somewhat hindered by ice, mostly by drifting ice.
Compact sea ice within sight from the outermost lighthouses, as Vinga
and Vidersbod, is rare, continues ordinarily only for a few days, and in
extremely rare cases will bear a man, as for instance in February and
March 1888. About the same are the ice conditions on the Skager
Rack along the south-east coast of Norway.. At the end of February
1893, however, the sea was covered with ice along the whole coast from
Christiansand (Ox8) to Christiania, as far as the eye could see. During
very severe winters the Sound has been covered with ice which would
bear waggons. The northern and middle portions of the Baltic, from
the Sea of Aland to the south end of Gotland, Oland and Calmar Lin
{government), outside the cliffs along the shore, are covered with ice
only during very severe winters, and then ordinarily only for a few
days or even weeks, and only for ten or twenty kilometres from the
coast. Drifting ice is more common, and during very severe winters
may be piled up in gigantic masses of erowded ice. Thus on February
25, 1893, they reported from Sandhamn (59° 17" N » 18° 56’ E. fr. Gr.,
a port east of Stockholm): “The solid ice is lying 13} mile outwards;
- . . farther outside the sea is filled up by very heavy drifting ice, high
as the rigging of the largest ship.” It is only during very mild winters
that the navigation ean go on quite without hindrance ; between Stock-
holm and Vishy it ceases, on an average, in the end of December and
begins again about April 10. During very severe winters the Sea of
Aland is covered with ice which bears trafic. The Botten Sea ( =south
part of the Gulf of Bothnia) is covered with ice every winter along the
coasts, but rarely, if ever, in its central part. The navigation there is
interrupted, by compact or drifting ice, on an average from the middle of
November to the beginning of May, with some difference for different
ports and up to a variation of six to eight weeks for different years.
Sometimes it has happened that the port of Herndsand has been free
from ice during a whole winter. The porthern Quarken (the strait
between the southern and northern parts of the Gulf of Bothnia) has
been covered with ice which bore trafic about every third or fourth
year since 1816, namely in the years (date=that of January) 1816,
1830, 1831, 1839, 1844, 1845, 1853, 1855, 1856, 1857, 1861, 1862,
1865, 1866, 1867, 1875, 1876, 1877, 1879, 1881, 1886, 1888, 1893,
1895, and 1897 (is said to have been strong enough this year, though
the traffic was not undertaken). The Botten Gulf ( =north part of the
Gulf of Bothnia) is as a rule frozen every winter. The ice formation
occurs along the coast on an average about the middle of November,
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sometimes at the end of October or the beginning of December. The
breaking up. arrives on an average during the later half of May,
extremely rarely in the beginning of that month, sometimes not until
the beginning of June.

Thus, although a considerable formation of ice on the Scandinavian
seas oceurs also at the present time during severe winters, nevertheless
it is evident that the ice-covering on the Baltic, the Sound, the Belts,
the Catte Gat, and the Skager Rack was very much more extensive
during the Middle Ages, particularly from the eleventh to the fifteenth
cenburies, than afterwards.! It is difieult for us to understand what the
weather might be during a winter which covers with thick ice all the
southern part of the Baltic, the Catte Gat, and the Skager Rack. Such
a winter must have had not only a severe and continual cold, but also
relatively calm weather, otherwise the ice would have heen broken up into
drifting or crowded ice-flakes, and hence not have heen suited for traffic.
In the above-cited paper? I have made a study of the severe winters in
Sweden from about 1870. Such a winter begins in our time with snow-
storms generated by cyelones situated south or south-east from our
peninsula, i.e. in the southern or south-eastern part of the Baltic. Then
gradually an anticyclone extends over the Norwegian Sea. Now if we
imagine that these eyclones, after the whole country had been covered
with snow, were pushed off always farther to the south-east as far as to
the Black Sea and Asia Minor, whereas the anticyrclone extended from
the icy ocean and the Norwegian Sea over all Seandinavia and Finland,
Western and Central Europe, and Northern Rnssia, und that such a
state of barometric pressure was accompanied by a sky generally clear arid
light winds, so that a strong radiation continued during two or three
months, then we might have an idea about the probable state of weather
during the winters 1322.23, 1423-24, or 1459-60.

But such winter weather, as far as we know, has not occurred in our
time; for the cold winters in our days ave always characterised hy
frequent cyclones, which from time to time ave passing over Sweden or
not far to the south of it. Ordinarily they come from the west, and no
doubt are generated or maintained by the Atlantic continuation of the
Gulf Stream. Tt would therefore seem to he the explanation nearest at
hand that the Gulf Stream was feebler or had another and more westerly
direction during the Middle Ages than now, and by consequence the
climate of that time was more continental than it is now. In the latter
case the climate of Iceland and Greenland would have heen milder than
at present. I do not know, however, any plausible cause for such a
variation in the direction of the (Gulf Stream.

But that Iceland and .Greenland at the time of their colonising by
the old Scandinavians (N orthmen) and afterwards dnring the succeeding
centuries really had a somewhat milder climate than the present one
seems to coms out from the old sagas and chronicles of the Middle Ages,
as, for instance, Ehrenheim and A. E. Nordenskisld have pointed ont.
“It is now disputed,” says Ehrenheim in 1824, “that the east coast of
Greenland was ever inhabited and eultivated ; 1t 1s indifferent when we

! What the conditions in onr waters were before the eleventh century is unknown, as the
old sagas do not tell us abont it.
? Ymer, 1899, p. 221 ot seq.
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compare the whole land formerly and now. It was discovered more
than 900 years ago, and history testifies that there existed woods and
pasture lands inviting colonists, and that it was so successfully cultivated
in agriculture and breeding of cattle that after 200 years there were to
be found 196 hamlets,! 12 churches, several monasteries,? and a bishop’s
see. In this condition the land disappears from history in the middle
of the fourteenth century, when the communications with Iceland were in-
terrupted. During the seventeenth century Lindenau, Hudson, and many
others made fruitless efforts to find this land again, and when at length
it was again discovered and examined on its west coast all eulture was
found to have been effaced by the severity of the climate, and the wild
inhabitants told Crantz that straits and inlets formerly had been navi-
gable which now were covered with ice. This variation in the climate
seems to have continued during all the eighteenth century, to judge from
the decrease of the population; for where the Bishop Egede in 1723
found about 30,000 inhabitants on all the west coast, there (fiesecke
in 1813 found only 6583. The younger Egede, in his journal of 1770-
78, tells us positively that the icebergs in Greenland are increasing
yearly. Iceland, which was still more flourishing in its prosperity, has
undergone a similar fate. There the woods have become extinet, the
agriculture has disappeared, the population diminished by more than a
half. Tt seemed to Von Troil that this island approached the fate of
{ireenland.”

Ehrenheim’s deseription of the change of the climate in Greenland
might be exaggerated, but that some change in the indicated direction
has oecurred results from the inquiries made by the Danes during the
last twenty years. G.F. Holm,? then first ieutenant of the Danish navy,
in the years 1880 and 1881 examined the southernmost part of
Greenland (the district of Julianehaab), from 61° 15 N. and 46° 20
W. to 60° 15" N. and 43° 0" W. fr. Gr., and found there a great
many old ruins from the Northmen’s colonies, situated mostly at the
heads of the fjords between 46 14" and 43° 58 W. This region has
formerly been partly examined and described, especially in the great
Danish work Gronlands historiske Mindesmerker (*The Historical Monu-
ments of Greenland ™). This is no doubt the old “Osterbygden” (the chief
colony), for the number of ruins found agrees very nearly with the old
relations of the chroniclers.* Holm says (Le p. 72): “In summer
there was in the neighhourhood of all the greater groups of ruins a rich
store of fodder for great flocks of cows and sheep, but in what manner
they in those times could find sufficient winter fodder for the cattle is
difficult to understand, unless we assume that the climate formerly was
milder, so that it was possible for the cattle tostay out of doors a longer
time of the year than now is the case. That the ice-drift along the
coast has increased in historical times is stated by the old chroniclers,
and seems to be a necessary condition in order to understand how the
old Northmen were able to navigate in the present district of Juliane-

1 190 hamlets, according to the newer statements. -See farther on.

z Two monasteries, nccording to newer statements.

3 @. F. Holm, ** Description of Ruins in the District of Julianehaah” (Danish), Meddelelser
am Gfrondand, 6 Heft, Kjohenhavn, 1883, pp. 67 and 147,

4 See further Daniel Brann, “ Archmological Inquiries in the District of Julianehaal ™
(Danish), Meddelelser om Groniand, 16 Heft, 1896, 1. 171 snd-following. .. -
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haab; and, moreover, it cannot be denied that this ice, which now is
lying everywhere outside this part of the land, considerably increases
the severity of the weather.” Further, he speaks (p. 74) about enclos-
ures “situated outside the house on a fertile soil on southern slopes in
the vieinity of running water,” and which *perhaps have swrounded
gardens”; hand-mills (p. 75} of which is said: “ If the corn, as told in the
old chronicles, has been cultivated there, the climate, as said above, must.
then have been milder than now ; more probably, however, the corn has
been brought to them by means of the ships.” The principal business of
the people was breeding of cattle (horses, cows, sheep, and goats), fishing
and hunting; but, says Holm (p. 75), ““that the principal trade of the
Northmen has not been confined to the sea, fallows from the circumstance
that so many greater groups of ruins are situated in a considerable
distance from the fjords.” After the middle of the thirteenth century
‘the colony began to come to ruin (Ie. p. 61). “The sea ice at the
‘eastern coast of the land increased in a degree hitherto wnknown; as »
consequence of it shipwrecks seem to have become frequent.” In the
nexf, century the navigation was moreover impeded by an injurious
trade monopoly introduced by the Norwegian kings, and the Skreelings
(Esquimaux) attacked the colonists. First they destroyed the north-
western (now Godthaab) district (the old Vesterbygden); at last,
probably at the end of the fifteenth century, also the sonth-castern (now
Julianehaab) district (the old Osterbygden).! Afterwards, when the
land was discovered again, the N orwegian population had disappeared.
Modern Greenland (Esquiman) tales speak of struggles in which the
last “Kablunaks” (Norwegians) were extirpated.? Holm, however,
believes that the last inhabitants of the forgotten colony have gradually
turned to the manner of living of the Esquimaux and mixed with them,
by which the East Greenlanders have assumed a half-Norwegian type.
Thus it has not been exclusively the deterioration of the climate in
Greenland which has spoiled the old colony, though this may have been
a contributing cause. According to Finnur Jénsson, the corn culture was
very slight, or did not succeed, at least in the beginning. for not even the
first chief of the land, Erik Réde (Erik the Red), had barley for his Yule
ale. Daniel Bruun 3 tells us that the present (reenlanders (Esquimany)
in these regions successfully practise breeding of cattle. The cows o,
as a rule, out of doors from April or Mayv to October, and during the
winter are foddered with hay which the inhabitants make along the
coasts and bring home in their umiaks (women’s boats). At Igalikn
they have begun in the last years to plant turnips as fodder for the cattle.
As to the second statement of Ehrenheim, viz. that the summers in
Western Europe during the Middle Ages were warmer than now, it is more
doubtful than the former. That the vine is no longer enltivated as far
to the north as formerly, several writers are inclined to explain by the
assumption that people were formerly content with a worse and more

acid wine than now, made even from rather unripe grapes.*
! Thua it seems as if the Esquimanx have wandered to the soutl, which may be eotsidered

as still 2 proof that the climate in Greenlaml has Qeteriorated.
2 Finnur Jonsson, ** A Brief Sketch of the History of the Greenland Colony ™' (Danih |
Nordisk Tidskrift, Stockholm, 1393, p. 533.
-...> Daniel Bruun, Ze. p. 252 and following, p. 322 and following.
% AMved Angot (* Btudes sur les vendanges en France,” Anuedes du Buvean Comtrud
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ns which likewise seem to prove |

I shall now give some observati :
r :in the Scandinavian countries

that the winters have becor
~ during the last three hundred yea at_at g
century the summers in Great Britain, Denmark, and South Sweden
have been somewhat cooler—in short, that the climate has grown more
maritime. I : .

The most important of these observations are those which Tycho Brahe
carried out during the period October 1582 to April 1584, and August
1584 to April 1597 inclusive ( = 14 years 4 months), at his observatory,
Uranienborg (55° 54’ N., 12° 43’ E. fr. Gr.), in the little island Hven
in the Sound, and -which have been calenlated by Poul la Cour and
published in exfenso by the Royal Danish Society of Sciences.

Poul la Cour finds several differences between the climate of Hven
300 years ago and the present climate in adjacent districts of Denmark—
differences the signification of which, however, he seems to underrate.
He remarks that the number of snow days in February is much greater
according to Tycho Brahe than according to present observations, and
that at the same time the number of rain days in this month is very
small according to the old series, which agrees with what results from
several circumstances, namely, that the month of February has been cold
and severe throughout. Further, Poul la Cour finds a considerable
difference in the wind directions then and now—so great, indeed, that it
seems impossible to attribute it to errors of observations or to accidents.
Whereas in our time South-west is the prevailing wind direction on the
yearly average, and South-west or West during all months except April
or May, when South-east is somewhat more frequent, in Tycho Brahe’s
time South-cast was decidedly prevalent in the yearly average, and East
or South-east during seven of the months of the year, viz. January to
May inclusive, October and December, and even during the other five
months the South-east wind shows a secondary maximum, of which now
scarcely a trace is seen. From this we must conelude that the distribu-
tion of atmospheric pressure during the winter was then essentially
different from the present one; the low pressure which in our time is to
e found regularly between Norway and Greenland and in the northern
ice ocean was then necessarily but little marked. Owing to this low

uiétéprologigue de France, 1883, i, Paris, 1885) has examined whether the mean date of the
vine harvest in France has undergone any secular chauge, but has not found any progressive
ove, and hence concludes that the state of the vine cultare does not indicate any deterioration
of the summer climate there. He remarks, however, that the date of the vine bharvest depends
also on other circurnstances than the elimate. But that the mean date of the vine harvest
really has been a little retarded during the last 500 years seems to follow from the averages
of Dijon, which are in the fourteenth century October 25 (mean of only 13 years); in the
fifteenth century, October 25 (mean of 60 years) ; in the sixteenth century, October 28 ; in
the seventeenth century, October 25 ; in the eighteenth cemtury, October 29 ; and in the
nineteenth century October 30 {(mean of 80 years), and from hence we might possibly con-
clude some secular decrease of the summer heat at Dijon. Whether the vine formerly was
cultivated in regions where it does not thrive now, Angot does not tell us,

! Tyge Brahe's Meteorologiske Degbog, holdt paa Uraniborg for Aarene, 158%-1597.
Udgiven som Appendiz il Collectanca Meleorologica af det Kgl. Danske Videnskabernes
Selskab ved dets meteorologiske Comité, KjSbenhavn, 1876. With 2 supplement : * Summary
of the Weather Observations in the Meteorological Journal of Tycho Brahe,” by Poul la Cour
(Danish and Freuch). - During the three mouths May, June, and July 1584, the observer
made & voyage to Frmenburg in Prussia, during which observations were also carried on.
This remarkable journal contains probably one of the oldest series of meteorological observa-
lions existing. ' '

t least during the last -
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pressure the cyclones at present are passing usuajly from west to east
over the northern or middle part of the Seandinavian Peninsula, pro-
ducing South-west winds in the Sound. But the East or South.east
winds which in Tycho Brahe’s time reigned during the winter prove that
the cyclones then took a more southerl v track, and as= aorale were passing
west and then south of Hven, for instance from the North Sex through
the southern part of Denmark to (fermany, a track at present taken by
the cyclones almost exclusively during the spring months of nrdinary
years and during unusually severe winters. Al<o the North-cast winds
were then generally more frequent than they are now. Likewise the
examination of the frequency of storms shows = difierence, the numher
of storms in February and Alarch being in Tycho Bralie’s time less than
the yearly average, whereas the case now is inverse. Moreover, the
number of East and South-east storms was then relatively greater than
- now, as one might expect according to the different wind roses. Al
these differences between the climate of that time and the present one
agree with what was said above of the probable distribution of pressure
and weather during the severe winters of the Middle Ages.

We possess now a very complete series of observations on the
temperature, rainfall, and weather at Uranienborg for the years 1881-
98 mnclusive, carried out by the farmer J. J. Alm, under the instrne-
tion of the Meteorological Central Office in Stockholm and by means of
its instruments. Thns we are able to make a direct comparison between
the climate of Uranienborg at Tycho Brahe's time and at present,
although, of course, the want of meteorological instruments causes
difficulties in the case of the old scries.

Firstly, I have caleulated the mean date of the last spring frost and
the first autumn frost. The word Jrost is not to be found all years in
the old series. In these cases I have used such expressions as “ice on
the water in the morning,” “great snow,” “hail and snow,” eold
snow,” ete. By adding ten days to the date of Tycho Brahe it was
reduced to the new style. In the ncw series I have counted as frost
days those when the minimum temperatire was below 0° C. In this
manner I derived the following result :—

Year. Last spring frost. First autmnn frost,
1582-1507 . . . Ajpril 18 Octolier 27
1881-1808 . . 19 28

ER En

Hence it seems to follow that the conditions of temperature during
the spring and the autumn have not varied.

From the observations of Tycho Brahe, Poul la Cour has calenlated
the probability of a day of precipitation, rain, snow, haijl, thunder for
every month of the new style. I have caleunlated corresponding values
from' the new observations and put the results together in the following
Table. The signification of the numbers of the Table is thus: for
instance, the probability of a day of precipitation in June 1582 to 1597
being 0-360, this indicates that precipitation (7. rain, snow, hail, ete.)
fell on an average in 360 days of 1000,

First, it may be remarked that the numbers of the two series are not
perhaps quite comparable, for probably the annotations from Tycho
Brahe’s time are not so exact as those of the new series, as an inspec-
tion of the two series seems to indicate. Accordingly, the numbers of
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the new series are generally somewhat greater. From this rule there
are, however, two remarkable exceptions. The month of June had in
the old series a greater number of days with precipitation, rain, hail,
and thunder, whereas the figures for the months July, August, Sep-
tember, and October were less than the present values (with only some
unimportant exceptions as to hail). This indicates that the suwmmer

TABLE YV,

Probability of a day of precipitaiion.

Year. Jan. Feb. Mar. Apr. May. Jume. July. Aug. Sept. Oct. Nov. Dec,
1582-97 0-200 0-250 0310 0-250 0-210 0-360 0-370% 0-380% 0-330 0-340 D-350 0-340
1881-98 0-337 0-29I 0-362 0-269 0-315 0-316 0406 ©-467 0-349 0-446 0-390 0-302

Prodability of a dayp of rain {without snew or hail).

1582-97 0-181 0086 0123 0-204 0:207 0-359 ©-377 0-38I ©-330 0-339.0-3I0 0233
1881-08 0-172 0135 0-193 0214 0298 0-312 0:402 04063 0-343 0-420 0-325 0-227
Probability of a day of snow (with or zitheut rain or hail).

1582-97 0-129 ©-188 0194 0053 0-008 0000 0-000 0-000 0-000 0-009 0-048 ©-129
1881-98 0-163 0-154 0-167 0-051 0002 0-000 O-000 0-000 0-002 0-06¢ 0-061 0-135
Probability of a day of hatl (with or witkout rain er siew).

1582-97 0-007 0-010 0-0I4 ©-0I§5 O-0II 0O-0I§ O-D0§ ©-005 OC-015 0-007 ©-017 ©-O15
1881-98 0-002 0-002 0-002 0-004 O-0I§ 0-004 O-004 0004 C-004 O-0I7 0-004 0-00D
Pirobability of a day of thunder,

1582-97 ©-000 0-003 0-000 0-003 0-028 0-053 0-043 0034 C-0I§ 0-000 O-000 0-000
1881-98 0-000 0-000 0-000 0-01Z 0-045 O-049 0-097 0076 0-027 0-01§ 0-002 O-COO

* Here there is some little error in Poul Ia Cour’s calculation, as these numbers caunot be less than
what corresponds to days of rain.

climate was then more continental than now. For in Scandinavia and
adjacent countries the more continental climate is characterised by
prevailing rain and thunder in the middle of the summer; the more
maritime one, on the contrary, by prevailing rain and thunder in the
Iatter part of the snmmer and antumn.

Still more striking is the difference in the number of snow days
during February and March. In order to show this quite obviously I
give here—

The Number of Snowy Days as a Percenlage of the Nuwmber of Days of Precipitation
at Uranienbory.

Year. Ciet. Nov. Dec. Jan. Feh. March.  April.
1582-1597 5 14 38 13 75 63 21
1881-1898 . . 2 18 37 48 53 46 19
Difference . e -2 +1 -3 +22 +17 +32

As a greater percentage of snow days signifies a lower temperature, we
see that February and March were decidedly colder 300 years ago than
now, whereas the difference for the other months is nearly evanescent.
By comblnmg the number of snow days, s percentages of
the number of days of precipitation, for ev of the ‘new series
with the corresponding mean monthly tempemtme 1 have tried to
calenlate the difference between the mean temperature in Tycho Brahe’s
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time and the present one,! and hence, knowing the latter, have deter-
mined the former. The result is this :—

Mean Temperature of the inter Haly of the Yeor «wl Uranivabury.

Year. Nov., Pec. Jan. Feb. March.  Apvil.
1582-1597 . . . 439 408 —09 -23 -08 +50
1881-1898 . . . +37 +0-9 -11 ~-09 407 +52
Difference . . . 402 -0 +02 -14 -10 -072

Thus 300 years ago Febrnary was 1°4 C. colder than now, and
March 1° C., whereas the difference for the other months amounts
only to 0°2 in the one or other direction.

Also the observations of the ice-covering in the Sound seem to
indicate that the winters 300 years ago were more severe than now.
For, according to the old series, 2 coating of solid ice occurred on an
average in 10 out of 15 winters (1582-97) during about 17 days per
winter, whereas in our time during the 29 winters 1870-99 it occurred
during 15 winters, with an average of 16 days per winter. Drifting ice
alone was observed during these 29 winters in 2 winters, with an average
of 8% days per winter, but this does not seem to have been regularly
noted in the old series. Probably the difference would have been
greater if the old observations had been as exact as the new ones. The
latter consist of the reports from the pilot stations on the Sound,
especially from Landskrona (55° 52" N., 12° 50" E. fr. Gr.), not far from
Hven. These reports are sent every year to the Royal Swedish
Direction for the Pilot Service. From the island Hven itself, as far ag I
know, there are no observations on the ice-covering made in our time.

As known, Briickner ? has tried to show, in a great treatise, that the
climate is subject to periodical variations of warmer and colder intervals,
with a length of period amounting on an average to 348 years. These
variations he considers to be simultaneous for the whole earth. The
cause of this climatic variation is, according to Briickner, quite unknown,
and the phenomenon itself, if we judge from the material worked out
by him, very irregular. It is, however, interesting to examine if the
difference between the climate of Hven in 1582-97 and 1881-98 as
shown above, is connected with Briickner’s period. Now, accordiug to
him,® the weather was warm, 1581-90 ; cold, 1591-1600; cold, 1876-90 ;
warm, from 1891 (inclusive). We see that out of Tycho Brahe’s series,
according to Briickner, 8 years are warm, and 6 years 4 months cold, but
out of the new series 10 years are cold and 8 years warm. In conse-
quence, the old series ought to be warmer and the new one colder than
the corresponiding mean value of Briickner’s period, from which wonld
follow that the climatic variation above calculated would be still some-
what greater than the observations indicate.

Finally, we shall examine what conclusions can be drawn from the

1 In this manner I obtained for every ome of the abave months a Tahle, showing the
percentage of snow days corresponding te several values of average monthly temperatnre.
From this Table, entering in it with the percentages in the above Table as arguments, the

difference of teinperature sought was obtained by means of interpolation between the

- temyperatures corresponding to the percentages of snow days. For October no reliable
i result could be deduced, owing to the small number of snow days in this month,

2 B. Briickner, Klimaschweankungen Seit 1700 nehst Bemerkungen sber die Klimn
schwankungen der Dilvvialzeit, Wien und Olmiitz, 1880,
3 E. Briickner, Lec. p. 271.
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regular observations of the temperature made during the last 100 to"
150 years.

As to Copenhagen, Willaume-Jantzen! has found that during the
last 110 years the winters have gradually become somewhat milder and
the summers somewhat cooler, and thus a variation from a more con-
tinental to a more maritime climate, in agreement with what we have
found for the last 300 years from the observations of Hven. Somewhat
similar results are also to be found for Seotland, according to Buchan.?

TABLE VI.—MonTrLY MEANS 0F THE ATR TEMPERATURE.

Hararanva .
: - STockHoLY OBsSERVATORY, Lunp OeservaTtony,
62" SO"ngth i]:‘;f%ns’fr Gr 5;921’ ﬁ'l.',“xs“ 4" E. fr. Gr. 55" 42’ N, 157 12" E, fr. Gr.
3 - - 1T, . )
Alonths.,
802-1848
46 Vears 1849-1898 {1802-1898 {1709- 1848 |1849-1808 T BB 31708 |1700-1848 1845-1808 '753;3898
L a(r:tsl?g ) 50 Years. 06 Years.| 5o Vears, so Years, v e;’; 46 Years.|so Years.[go Yenrs. Visps.
i .
January .| —12.8 | - 11?7 -123| -g¢ 3 —-03 2| - 307 20| w22 —io| - 1-8
February .| -119 | -11.8| ~11.8 —44| -36| —g40| -10! _a2p -0} -1-4
March .1 —-01 -85 -8-8 - 1-7 - 1-8 —~ -3 o2 o2 0-5 o3
Aprl . .} -27 1 -20| - 23 2-9 31 3 49 4-9 50 49
May . . 35 40 33 8-7 8-7 87 10-3 10-7 1031 104
June . . I1-4 11-8 - 116 i39 143 141 14-8 14-9 140 14-9
Iuly. . . 14-4 150 : 14-7 168 169 16-8 g 169 10-5 16-8
August . 131 ¢ 137 19 604§ 136 15-8 165 161 15-8 161
Septemlscr . 7R 75 73 Ti-7 1:9 11-7 12-5 125 I2-4 125
i
October . -0 , Iz | I-4 66 | 62 64 76 7y 77 77
November . | -57 ! —s54i - 55 I4 317 13 29, 32 29 30
December . -92 -g0 J 96| -20]| ~19| -rg| -—o1 ! oo 03 o1
Winter -] —I1-3( ~11-1 ] —-11-2 -36| -=2¢ -3z —I0i -I4| -0b| —-10
Spring .| ~-28| -o22 I -2 33 33 3 51, 53 53 52
Summer 130 132, 131 15-6 156 15-6 16-1 16D 15-7 159
i i
Autamn . 1-0 S P & 6-6 -4 G5 77 ? 78 77 7°7
i !
Year . . 0-0 Q2 ; oI 55 56 55 70 69 7-0 7-0

‘We shall now see what some of the longer Swedish series of
observations indicate. They have not been completely worked out, but
for Lund, Stockholm, and Haparanda I have been able, however, to
caleulate longer series of monthly means of the temperature. All these
means 1 have reduced, as exactly as possible, to true daily means. The
Haparanda series, being a combination of three series made at different
places situated in that district of Sweden, and, partly by means of a
series from Torned, reduced to the same place, viz. Haparanda, for this

and other reasons is less reliable than the two others. As to Lund, my

1y, Willaume - Jantzen, Meteorologisie Observationer ; Iabenharn. Udgivet af det
Danske Met, Institut, Kjobenhavrn, 1898, P- 17 and following {Danish and French).
? A. Buchan, “The Mean Atwmospheric Pressure and Temperature of the British

Istands,” Journal of the Scottish Met. Soc., 3 ser., xiii. and xiv., 1895.96, Edisburgh and
London, p. 13 aan following.
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mean values are caleulated from the five daily means published by

A. V. Tidblom,! and completed by the Copenhagen observations. For

the sake of comparison, I give also longer series from London? and

Paris.3 The English and the French monthly means of the temperature
are means of the daily maxima and minima.

Loxpon, City with Eavirons, Paris, City, Montsourds,
Royal Observatory, Greenwich. Purc de Saint Manr.
MMonths.
—fim o .
1963-179% [ r709-1845 |1 F40-1808 ‘f”-jjt.f‘?“ 1808-184% 1846-1868 {1806-2808
36 Years.| so Years.|so YVears. Yc‘:’lrs_ 13 \em‘sf_:,o Years.)g3 Yenrs.
L] o o © o : ° o
January 33 20 33 37 19 1 27 23
February 47 41 44 43 +3 ! 40 41
March §-7 57 57 57 o5 ¢ 66 6-6
i
April . 91 8-0 8-9 S8 9g | rog 10-2
May . 128 12-8 120 126 14-4 136 14-0
June . 16-2 15-5 157 158 171 172 17-2
July . . 17-9 17-3 176 175 188 189 18-9
August .1 179 17-1 172 17-3 185 185 185
September . | 153 144 116 14-7 15-7 15.7 157
October .} 11-2 10-5 102 106 11-3 10-9 TI-1
November . 69 6-4 6.2 64 68 04 66
December . 47 4-1 42 42 37 33 37
Winter . 42 36 40 3 33 33 34
Spring . 02 9-0 89 g0 103 102 103
Summer .| 173 16-G 16-8 16-9 181 18.2 182
Autumn .| 111 104 10-3 10-0 I1-3 110 13-1
!
Year . . | 105 09 10-0 101 10-7 10-7 107

It results from this Table that the temperature of January at all
three Swedish places has risen about 1° C.; but that of August has
decreased somewhat, especially at Lund, where the fall amounts to 077;
also July has become 0°-4 cooler there in the Iast 50 years. Hence the
climate has varied, at least at Lund, in the manner indieated above. At
Lund the four months April, June, September, and October have main-
tained their temperature exactly constant during the three intervals,
and May and November very nearly ; so that it scems legitimate to state
that the spring, the beginning of summer, and the antumn have not
undergone any change, which agrees with what was found for the
temperature in Hven durving the last 300 years. As to Stockholm, it
seems that none of the fen months March to December has sensibly
altered its mean temperature during the last 50 years. The nnmbers

1 A. V. Tidblom, ‘*Einige Resnltate aus den met. Beob. angestellt auf der Sternwarte
zn Lund in den Jaliren 1741-1870," Lunds Universitets Arsskrift, t. xii.,, Lund, 1876.

2 The years-1763-1892 according tn A. Buchan, “The Temperature of London for 130
years, from 1763 to 1892, Journal of the Scotfish et Soc., 3 ser., ix., 1801 ;and the yenrs
1893-98 directly from the pullication of the Meteorolngical Offive in Lowlon.

3 The years 1806-96 according te the .lnawuice de U Obwcrvatoire oe Puoris, dit Ubsci-
vatoire de Montsouris ; the years 1897 and 1892 from Pare de Saint Maur.
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for Haparanda ave, for several reasons, less reliable than those for the
two other places, so that one can scarcely draw from them any other
conclusion than this, that the months January to July have perhaps
become a little warmer. The first half of our century was characterised
by many very cold winters at all the three places in Sweden; also in
London and Paris, January was then colder than afterwards. In London
the summers were sensibly warmer at the end of the eighteenth century
than afterwards, which agrees with the case at Lund and Copenhagen.
The average temperature of the year has remained constant, with the
exception of London, where it seems to have fallen a little.*

TABLE VIL
HaAraranDa, 1Boz-18g8. \l STockHOLM, 1790-1868.
Months. . e i . :
Warmest. Year. Coldest. . Year.. : Warmest. , Year. Coldest. f Year,
: i 1
Jan. . —4?3 1887 - 22‘33 '. 1869 | 109 1873 ~ 14?2 1814
Feb. .| -39 [1822,1801] ~24-3: 1871 2.7 1822 —12-8 1799
March | -1-8 1822 -15-6 1853 45 1822 -8.3; 1888
‘ April . 1-6 1844 -7-8 1809 7°5 1803 -1-3:1812, 1829
May . 9-2 1897 - 46 1310 12+4 1889 3-2| 1867
| June . 18-6 1810 70 1321 | 176 1826 106 180§
| ’ !
July . 20-8 1815 -8 181z 21-4 1855 12-0| 1332
Aung. . 19-4 1813 S.yi 1833 4 =209 1846] 12.0f 1864
Sept. . 12-6 1815 .8° 1832 | 154 1824 80if 1830
Oct. . 6.3 1803 - 46 2{18:‘3’8;864’3 10:6 1821 o5 | 1880
Nov. . I-1 1833 -iz-2! 1842} 53 1822 -3-0| 1829
Dec. . (057)] 1809 | -196" 1835 i 2-7 1857{ —-8o| 1817
1 .
| l; Luxp, 1733-1808. : LoxpoN, 1763-13898.
Months. —— e i —
Warmest. | Vear. Coldest. Year. %1 Warmest, | Year. | Coldest. ' Year.
i B
i < & h . s
i Jan. . .1 4 |1796! -o0-5 |1809 7 84 1796 =—3-4 1705
Feb. . .| 33 liy79| -104 | 1845 ;‘ 9-9 1779 | —1-7 ; 1895
‘ March. 4-3 11846 -7-7 1845 5 94 1780 o9 | 1785
i : April . . 7-8 1778 12 | 1779 ; 13-4 1783 42 | 1837
| May . 14-6 1773 6-9 1843 1 17:5 1784 8.8 | 1882
| June 19:2 , 1889 11-6 . 1800 ! 19-g 1846 12-6 1 1814
| July . l (21.2) | 1826 13-9 ! 1898 ; 234 1783 147 ! 1767
| Aung. . | 209 1834 13-0 j 1864 | =21-1 1783 14-2 , 1816
| Sept. . T 163 11775 g-2 1812 5 18.7 1784 R LS S 1763
| | Oct. . TR 1846 (2-1?) 1805 15:1 1811 6.7 ’ 1817
Nov. . .72 a7y2 ~32 11773 % 99 1783 | 3-3 | 1870
Dec. . ; ! 43 1843 -g-z i 1788 f 8-8 1806 -1.6 } 1890

more than 130 years, which
1e “averige temperature of this
Sweden. In fact, Appelberg has
“Ahe river Dalelfven was May 29
831-94,. Ossian Appelberg,

season, have not sensibly changed during this
caleulated that the mean date of the highest vernal fico
during the years 176d-1830, and May 28 during the
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Whether the climatic variations during the last 100 or 150 years
here considered are periodic, progressive, or accidental cannot yet be
decided. How considerable the accidental variations of the mean
temperature of a.month are, results from the following Table containing
the mean temperature of the warmest and coldest months that have
oceurred during the interval of years in question at Haparanda, Stock-
holm, Lund, London, and Paris.

, PaRris, 1806-1998.4 !
Months, i ) . i
} Warmest. Yeor. Coldest. Year.
|
Jan. ! 7-1 1834 - 44 1838
Feb. 7-8 1809, 1869 - 36 1895 |
March . .5 102 1830 1-3 1845 :f
Ajpril . " 15-1 1865 57 1837 :
May . . 17-7 1808, 1868 10-6 1879 :
June . - 212 1822 15-0 1823, 1854
July. . : : 22-7 185g 15-5 1816
i Aug. . . 223 1842 I5-5 1844 ‘
Sept. . - 19-7 1895 13-0 1807, 1877
Oct. . . 147 1831 7-3 1817 |
Norv, - . 10-6 1852 3-1 1358, 1871
Dec. . L 8.7 1806 — 7.4 1879
i :

Thus from the review now made of the variations of the climate in
Western and North-Western Europe during the last thousand Fears no
certain conclusion can be drawn, yet there seems to he some probahility
for a secular or long-period variation still going on from a more con-
tinental to a more maritime climate. If such be the ease, it cannot,
however, depend on the climatic variation above treated, which is pro-
duced by the variation of the oblignity of the ecliptic. For a thousand
years is too short a space of time to produce any sensible variation
attributable to this cause. Also the variation would then appear prin-
cipally in the climate of the summer, and world be almost insensible
in that of the winter, whereas, according to the observations, the inverse
is the case.

As the regular measurements of rain were begun in Sweden some-
what earlier than the observations of temperature,! one might believe
that a comparison between older and newer measurements of rain would
show some variation corresponding to that of the temperature. But Ly
a nearer inspection we find that the older measurements of the rain
evidently give too low values, either owing to an unsuitable mowntin
of the rain gauge or to negligence in the measurement. The latter
seems to have been the case at Upsala, where the resnlts hefore 1836
are nearly worthless; the former at Lund, where the rain gauge till
1 ﬁ_;’f,.wa_s placed on the roof of the observatory. Thus only in a far
' nt future will it be possible to discover by means of measurements

“Om orsakerna till vattendragens naturliga vattenvariation {* On the Causes of the Natural
Variation of the Water in Currents "), Teknisk Tidskrift, Slockholn, 1886 amd 1897,
- 1 At Lund the measurement of rainfall was hieenn in 1748,
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of the rain climatic variations which are possibly going on with regard
to this element.

8. Conclusion—DProbable variations of the climate in the future.

The above inquiry has shown that the principal variations of the
climate of the past, comprising a space of time of at least one hundred
and perhaps one thousand million years, are probably due to long
periodical, and perhaps also accidental, variations of the quantity of
carbonic acid in the atmosphere, whereas the insolation during all this
time has been nearly constant, except during the primeval epoch, when
1t might have been increasing somewhat.

Smaller climatic variations have occurred owing to purely astrono-
mical causes. Among these, that due to the variation of the obliquity
of the ecliptic has left obvious traces in the geological history of the
earth during the post-glacial time—a space of time of about fifty thousand
years. Owing to this cause, about nine thousand years ago there was
a warm summer period in the Arctic and northern regions, and since that
time the summers have become gradually cooler. This deterioration of
our climate will continue during the next ten thousand years. The
amplitude of this variation amounts to some 4° C. at 60° N,

Finally, a review of the historical reports during the last thousand
years has led, with some probability, to the conclusion that a climatic
variation is going on from a more continental to a more maritime
climate in the north-west of Europe, especially in Scandinavia and Great
Britain. The character in other respects and the cause of this variation
are unknown. We cannot say if the variation is periodical, progressive, or
accidental, nor how far it extends in space and time.

Now if, guided by the above results, we ask what the future climate
of our earth will he, the answer runs as follows :— '

The sun must at some time lose its capacity of radiating heat, owing
to its continual spending of its energy. The sun, according to Helm-
holtz’s theory, maintains its heat by contracting, and thereby becomes
always hotter. My calculation! has given the result that its mean
temperature is at present between four million and two hundred million
centigrade degrees, and that the present thermometrical heat store of the
sun is probably more than fifty million centigrade calories per unit of
mass. Also there is probably still a considerable store of potential energy
which is being gradually changed to radiant heat. But as the sun con-
tracts, its mass hecomes still more viscous, and this viscosity probably
opposes a still increasing obstacle to the convectional currents which
carry the interior heat to the surface. This latter, losing incessantly an
enormous quantity of heat by radiation, must begin to cool as soon
as, owing to this obstacle, the heat supply from the interior becomes
insufficient to maintain the surface temperature. How long this will
last, till this state of gradual cooling will begin, we cannot say, but
probably the insolation will be sufficient still for many million years to
supply the earth with radiant heat sufficient for life.

Also, as we have shown that the carbonic acid in the atmosphere is
an essential condition for life on the earth, and that the carbonic acid is

! N. Ekholm, Ueber den Energievorrath, ete., cited above.
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incessantly consumed by the chemical processes going on at the earth’s
surface and supplied principally by voleanic activity, we may ask how
long this supply might be snfficient.

Now, as shown above, the volcanic activity is maintained by the
secular cooling of the earth and the gradual, theugh periodical and
partly irregular, contraction caused thereby. The volcanio activity will
thus continue as long as the inver heat of the carth has not sunk sensibly
below its present value. But we have fonnd above that the cooling of
the earth is extremely slow, for it takes probably alisut ten million vears
before the mean temperature of the earth has fallen 1° C. And as this
temperature, if we judge from the voleanic eruptions, is still at least
2000° C,, and according to the estimates of modern geophysicists even
much higher, we conclude that the voleanic activity on the earth will-
probably continue with nearly the same intensity as at present durin
many hundred million years, thus probably much longer than the solar
radiation. Thus we have nothing to fear for the existence of life on
the earth from a future want of voleanie activity.

Yet we must expect that secular variations of the quantity of
carbonic acid in the atmosphere will occur and eause climatic variations
of the same kind as those revealed by geological science, Thus a future
Ice Age might possibly occur.  But here we find & remarkable circum-
stance that has hitherto been unexampled in the history of the earth,
This is the influence of Man on climate.

In fact, we have seen that the present burning of piteoal is so
great that in one year it gives back to the atmosphere about 1opw Of its
present store of carbonic acid. If this continnes for some thousand
years it will undoubtedly cause a very obvious rise of the mean
temperature of the earth.  Also Man will no doubt he able to increase
the supply of carbonic acid also by digging of deep fountains pouring
out carbonic acid. Further, it might perhaps be Possible for Man to
diminish or regulate the consumption of carbonic acjd by protecting the
weathering layers of silicates from the influence of the air and by ruling
the growth of plants according to his wants and Purposes. Thus it
Seems possible that Man will be able efficacionsly to regulate the future
climate of the earth and consequently prevent the arrival of o new Iee
Age. By such means also the deterioration of the climate of the
northern and Aretic regions, depending on the docrease of the obliquity
of the ecliptic, may be counteracted, It is tog carly to judge of how far
Man might be capable of thus regulating the future climate, But
already the view of such a possibility seems to me so grand that T
cannot help thinking that it will afford to Mankind hitherto unforeseen
means of evolution.

During the working out of this paper I have received many valuable
hints: and much information from the following friends, viz. .—Dy.
Gunnar Andersson, Professors Svante Arrhenins, Gerard de Geer, Dy,
Axel Hamberg, Professors A. G. Héghom, (3. Lagerheim, A. G. N athorst,
and R. Rubenson, for which I wish to express my sincere gratitude.




	5. Ekholm final.pdf
	5. Ekholm 1-33.pdf
	5. Ekholm 34-61.pdf
	5. Ekholmf 40.pdf
	5. Ekholmf 41.pdf
	5. Ekholmf 42.jpg
	5. Ekholmf 43.pdf
	5. Ekholmf 44.pdf
	5. Ekholmf 45.pdf
	5. Ekholmf 46.pdf
	5. Ekholmf 47.pdf
	5. Ekholmf 48.pdf
	5. Ekholmf 49.pdf
	5. Ekholmf 50.pdf
	5. Ekholmf 51.pdf
	5. Ekholmf 52.pdf
	5. Ekholmf 53.pdf
	5. Ekholmf 54.pdf
	5. Ekholmf 55.pdf
	5. Ekholmf 56.pdf
	5. Ekholmf 57.pdf
	5. Ekholmf 58.pdf
	5. Ekholmf 59.pdf
	5. Ekholmf 60.pdf
	5. Ekholmf 61.pdf

	5. Ekholmf 40.jpg
	5. Ekholmf 41.jpg
	5. Ekholmf 42.jpg
	5. Ekholmf 43.jpg
	5. Ekholmf 44.jpg
	5. Ekholmf 45.jpg
	5. Ekholmf 46.jpg
	5. Ekholmf 47.jpg
	5. Ekholmf 48.jpg
	5. Ekholmf 49.jpg
	5. Ekholmf 50.jpg
	5. Ekholmf 51.jpg
	5. Ekholmf 52.jpg
	5. Ekholmf 53.jpg
	5. Ekholmf 54.jpg
	5. Ekholmf 55.jpg
	5. Ekholmf 56.jpg
	5. Ekholmf 57.jpg
	5. Ekholmf 58.jpg
	5. Ekholmf 59.jpg
	5. Ekholmf 60.jpg
	5. Ekholmf 61.jpg



