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XXI. On the Electric Resistance of Selenium.
By the EarL or Rossg, D.C.L., F.R.S. §c.*

THE recently discovered fact of the diminution of the electric
resistance of selenium in the crystalline state when exposed
to the action of light or, possibly, of radiant heat, is one which
naturally excites some interest beyond that arising from the
curious and unexpected nature of the phenomenon considered
by itself; for the possibility of selenium being applied to the
measurement of light or radiant heat invests the discovery with
a very general importance.

Mr. Willoughby Smith seems to have satisfied himself that
light, not heat, is the active agent; but I have spoken of the
latter as possibly the cause of the effect observed, as Lieutenant
Sale’s paper in the Proceedings of the Royal Society (although
1t is therein stated that selenium is affected by lght, and again,
that the change of resistance is not due to an alteration of tem-
perature) might lead one to infer that the observed effect was
due to radiant heat, not to light; for he says that the actinic
rays produce no effect, but that it is at a maximum in the red
rays, or beyond them, near the maximum of the heat-rays; and
inasmuch as he appears not to have determined by means of the
thermopile the relative calorific power of the various rays of his
spectrum, nor even to have reduced his results to what the
would have been if the normal or diffraction spectrum had been
employed, the experiment is inconclusive as to the comparative

* Communicated by the Author.

Phil. Mag. S. 4. Vol. 47. No. 311. March 1874. M
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sensibility of selenium to the various rays of the solar spec-
trum.

As it was the opinion of one or two friends of much experi-
ence in kindred questions in physical science that heat, not
light, is the active agent, and that selenium might with advan-
tage replace the thermopile in the measurement of radiant heat,
I procured the necessary apparatus for a preliminary trial.

Although my experiments are hardly sufficient to justify a de-

cided opinion in favour of or against its applicability to photo-.

metric purposes, I think that they remove all hope of selenium
replacing the thermopile in the measurement of heat of low
refrangibility.

I exposed a rod of selenium during a sufficient interval to
obtain the maximum effect from the light of a candle 35 inches
distant. The diminution of resistance produced amounted to
24:3 per cent. A second trial gave a diminution of 24-2 per
cent., the candle being at 4 inches distance. A vessel of hot
water of about 9 or 10 inches diameter and 9 inches height pro-
duced no perceptible change when it stood for several minutes
with its centre at 13 inches distance, nor even when it was
brought 6 inches nearer. On the other hand, by means of the
thermopile a deviation to the extent of 136 divisions of the scale
of a Thomson’s galvanometer was produced by the radiation from
the vessel of hot water whose centre was at 13 inches distance ;
and when it was replaced by the candle at 4 inches distance,
the deviation was increased to only 315 divisions. Thus it was
shown that the two instruments were not comparable as measu-
rers of the radiation from the two sources of heat.

The change of resistance produced by exposure to the radia-
tion from a candle when a sheet of glass was alternately inter-
posed and removed was next measured. The effect due to ab-
sorption by the glass appeared to be small, certainly not much
more, possibly even less than the average absorption of light by
glass. Perhaps 90 per cent. was transmitted. Owing to the
inconstancy of the light, much accuracy was not readily obtain-
able in this experiment. The piece of glass had been shown by
the thermopile to transmit 80 per cent. of the solar rays, and
under 1 per cent. of the radiant heat from a blackened tin ves-
sel of hot water. It was now by the same means ascertained
that 48 per cent. of the radiant heat from a candle was trans-
mitted by it

A glass cell filled with a solution of alum was now taken; and
it was found that, while the exposure of the selenium bar to the
radiation from a naked candle at 33 inches distance produced a
diminution of resistance amounting to 9-4 per cent., when the
alum solntion was interposed the decrease was still 895 per

L
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cent.; hence the quantity transmitted by the glass cell and
the alum solution it contained was as much as 95'2 per cent., as
measured by the rod of selenium,

The same, measured by the thermopile, was found to be 7:06
per cent.

Having satisfied myself as to the comparative, if not the abso-
lute insensibility of a bar of selenium to radiant heat of low
refrangibility, and therefore as to its being unsuitable for repla-
cing the thermopile in the measurement of those rays, I made a
few experiments with the view of finding whether 1t was likely

to be a suitable instrument in photometry.

- To obtain a more constant light I substituted a paraffin lamp
for the candle; and by placmcr in front of the horizontal sele-
nium bar a vertical slit whose breadth could be varied at pleasure,
and which could be closed before and during every alternate
measurement of the resistance, also by varying the distance of
the lamp, it was found that Whlle the decrease of resistance varied
as the breadth of the slit, and thervefore as the length of the por-
tion of the bar exposed to light, it was far more nearly propor-
tional to the reciprocal of the distance, and therefore to the square
root of the intensity of the incident light than to the intensity
simply, between the limits within which the observations were
made. The decrease of resistance observed was :—

Distance from lamp

to centre of bar. Decrease.
inches. per cent.
0 M 08 ol T eS8
5 153 0 DL AT R
o | T S e A R
R faci) R S S T2
1o Er AL SRS AR
19 % O R T BRI Sl L |
) 1L, S TR DR [ ¢
414!1 Sa Eo e e et Fria 377
75 L PR T AT 1:57

The length of the bar was 2% inches.

No experiments were made to ascertain how far the sensibility
was affected by the temperature of the room ; but the presence
of moisture rendered the action feeble and uncertain as the dew-
point was approached, probably owing to the deposit of a very
slight film of moisture on the surface of the bar. Another effect,
probably to be ascribed to the same cause, was noticed on two
occasions—a diminution of the change of resistance after a certain
duration of exposure to a screening from the light.

M2
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[terminations.
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In a drier atmosphere the maximum, which was still as ra-
pidly attained, was retained with tolerable constancy. Probably
the diminution of the effect after the maximum had been reached
may have been due to the slower dissipation of the film of mois-
ture, and to its re-formation under the alternations of temperature
which accompanied the alternations of light and darkness.

I regret that I shall not have leisure to pursue this subject
for some time, and am therefore obliged to leave off these expe-
riments in theu present incomplete state.

January 1874.

XXII. Note on the Composition of certain Mine Waters.” By J.
ArtHUR PHILLIPS, M.Inst.C.E., F.G.8., F.C.S., &c.*

SINCE the publication of a paper in which I attempted to

show that the waters of the thermal spring at Huel Seton
Mine are probably derived from the seat, two other waters from
deep Cornish mines have been analyzed in my laboratory.

The first of these was from the 212-fathom level at the Pheenix
Mines near Liskeard, where it issues from the lode at a tem-
perature of 65° F. This mine is in granite, and at one time
produced large quantities of copper ores, but has for the last ten
years been principally worked for tin, which is obtained from the
same veins which were formerly wroucrht for copper. A large
portion of the vein above the point from which the water for
analysis was collected had been removed some years previously.

The following results, in grammes per litre and grains per
gallon, were obtained by analysis.

* Communicated by the Author.
+ Philosophical Magazine, July 1873
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Water from the Pheenix Mines.

Solid matter 2130 gramme per litre, or 1491 grains per
gallon. Sp. gr. =1-0002.

Analytical Results.

Gramme per litre. Grains per gallon.
8 B ¥ I1.

Earhanie acid.................. 0706 ‘0710 4-94 4-97
Selpliaric acid .......ee...on ‘0438 0430 307 3:01
ST R 0304 0310 2-13 2:17
BRI < oo o hoeinnsonnonen 0234 0226 1-64 1-58
DT e e 0008 ‘0008 06 06
Manganous oxide ............| 0005 0005 03 03
Ferrous oxide..........c....... ‘0042 ‘0046 29 32
B ot canissi sasinne s ‘0142 ‘0146 ‘99 1-:02
Alkaline chlorides ............ 1642 ‘1618 11-49 11-33
ST S 0129 0125 90 -87
TITE e e SO, 0549 ‘0544 384 381
BEVRHIHBRTR ) < o2cocasnnsnaonnsere 0001 ‘0001 01 01
LT ‘0016 0016 ‘11 ‘11

The foregoing results may be thus tabulated 2.

Gramme per litre. Grains per gallon.
I. II1. I II.
Calcium carbonate............ - -0232 0224 1-62 1-57
Ferrous carbonate .ee...cece0. ‘0068 ‘0074 48 =52
Manganous carbonate ...... 0008 0008 06 ‘06
Calcium sulphate ............ 0029 0051 20 -36
Sodium sulphate ............ ‘0748 0710 5-24 4-97
Sodium chloride ............ ‘0367 ‘0356 257 249
Cupric chloride ............... ‘0017 0017 ‘12 12
Ammonium chloride ......... 0003 -0003 ‘02 02
Potassium silicate (K2Si0%)., 0256 0246 1-79 1-72
Sodium silicate (Na2 Si0?) .. ‘0415 <0447 2-90 313
Sodium nitrate... ............ <0025 <0025 ‘17 ‘17
Total by addition ............ 2168 2161 15-17 15°13
Total found directly ......... 22180 IR s 14-91
Excess of carbonic acid ... ‘0575 ‘0580 4-03 4-07

The second water examined was collected at the 302-fathom
level at Dolcoath near Camborne ; this mine also formerly pro-
duced large quantities of copper ores. These have in depth gra-
dually given place to cassiterite, and Dolcoath is at the present
time the most productive tin mine in the United Kingdom. The
water analyzed was collected from the roof of a short crosscut,
in granite, 25 fathoms east of the engine shaft and 15 feet south
of the main lode. The water issued in considerable quantities,
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at a temperature of 92° F.; and a large portion of the upper
parts of the vein had been removed by stoping.

The following results, in gramme per litre and grains per
gallon, were obtained by analysis :—

Water from Dolcoath.

Solid matter *6710 gramme per litre, or 46-97 grains per gallon.
Sp.gr.. = 1:0007.
Analytical Results.

Gramme per litre. Grains per gallon.

I. 1I1. I 1I.
Carbonic acid.................. 0588 ‘0578 412 4-05
Sulphuric acid: .. ..on.anb- 1304 1294 913 9:06
STHeRPE S . S 2 s 5o {1295 ‘0302 2:06 211
@hlonine 8.8 St denad e i 1906 ‘1906 13-34 13-34
A e L e trace trace’ trace trace
AIRNTINAL. /5 S S L 0004 0004 ‘03 ‘03
Ferricioxide ... ibus . oo 0044 <0044 31 31
Manganous oxide ............ 0006 ‘0006 04 ‘04
COpper bt st 0007 0007 05 ‘05
IoiH1E) ek aereisss R Sl e 1040 1028 728 7:20
RIGONESIA ons oevti o o il Bl trace trace trace trace
Alkaline chlorides ............ 4192 4212 29-34 29-48
RO ASSIII et e ashnoermons ‘0275 <0276 1-92 1-93
Sodinmysse. oetl SIu iy S ‘1442 |- 1449 10-09 10-14
G ININ . e e Semiet e o rate trace trace trace trace
ATMONIA | o'c S ameionsbaesoncnins ‘0003 0003 02 02
Nitrieraeid . ouupivesmsesisiovass ‘0017 ‘0017 12 ‘12

The foregoing results may be thus tabulated :—

Gramme per litre. Grains per gallon.
I. T I. II.

Calcium carbonate............... 0554 0550 388 3-85
Ferrous carhonate ...............| ‘0064 ‘0064 ‘45 45
Manganous carbonate ......... 0010 0010 07 07
Ferric arsenate ..c.ceeceveenn. ... trace trace trace trace
Calcium sulphate ............... 1773 ‘1749 12:41 12-24
Magnesium sulphate............ trace trace trace trace
Aluminiumsulphate (3504 Al2)] 0013 "0013 09 0-9
Sodium sulphate .......cceeee. 0448 0454 314 318
Sodium chloride .«.....cc....... 3118 3118 21-83 21:83
Cupric chloride ..occcoeennn... 0015 ‘0015 10 -10
Lithinm chloride ..c...c........ trace trace trace - trace
Potassium silicate (K? Si0%)....| -0543 0545 380 381
Sodium silicate (Na?Si03%) ....| -0171 0183 1-20 1-28
Sodinm Ditrate .........eeeeesens 0027 0027 ‘19 ‘19
Ammonium chloride ......... 0009 ‘0009 ‘06 06
Total by addition ............... 6745 6737 47-22 47°15
Total found directly ............ 7 T SR AR B 46-97
Excess of carbonic acid.........| ‘0316 ‘0308 2-21 2:16
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The water issuing from the back of the crosscut at Dolcoath
deposits in considerable quantities a soft reddish-grey precipi-
tate which frequently assumes stalactitic forms. Similar incrus-
tations, although generally less abundant, are found in nearly all
deep mines wherever water issues ﬁom the vicinity of a vein
and flows over the surface of the adjacent rock.

Three analyses made of air-dried specimens of this substance
afforded the following results :—

L. IL 1L

CELEAG iy T NN 36-30 3629 3775
Manganic oxide ............ trace trace trace
ARenIe acid -.oviioenennaos 32-47 3252 . 3255
AFSERIouS acid ......oc..000n- trace trace ‘68
Sulphuric acid ............... 265 251 252
Wat eombined i:........ 12-77 12-52 11-45
L€ hygroscopic  ...... 15-90 15-98 15-20
100-09 99-82 100-15

Nos. I. and II. are duplicate analyses of the same specimen,
made in my laboratory; No. III. is an analysis of another spe-
cimen, made, at my request, by my friend Mr. Dugald Campbell.

It may appear somewhat remarkable that a plentiful de-
posit of arsenate of iron should be formed from water in which
only traces of arsenic could be detected, and in which the amount
of iron present is so inconsiderable. On examining, however,
the jars in which the water had been collected for analysis, a
small amount of a flocculent brownish deposit was found at the
bottom of each; this, on being thrown on a filter and subse-
quently analyzed was found to contain 3152 per cent. of arsenic
anhydride and 25°27 per cent. of ferric oxide. The ferric
arsenate, together with a little clay, had been deposited before
the clear water was siphoned off for analysis; this accounts
for the small amounts of iron and arsenic retained in solution.

These waters differ materially from those of the lithiam spring
at Huel Seton, which contain above a thousand graiuns of solid
matter per gallon, while those from the Pheenix Mines and from
Dolcoath contain respectively but 14-91 and 46-97 grains per
gallon. The Huel Seton water is believed to be derived from
the sea by percolation through a fault; the waters, of which
analyses are now given, are probably the result of the infiltra-
tion of surface-water through the workings of the mines, and
through fissures in the respective velns.
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" XXIIT. On Ocean-currents.—Part I11. On the Physical Cause of
Ocean-currents. By JaMEs CroLL, of the Geological Survey
of Scotland.

[With a Plate.]

[Concluded from p. 122.]

The Gibraltar Current.

IN my last paper I proved that it was only the water lying

above the level of the submarine ridge which crosses the
Strait of Gibraltar that could exercise any influence in producing
circulation between the Atlantic and the Mediterranean*. The
water of the Atlantic below the level of this ridge might be as
light as air, and that of the Mediterranean as heavy as molten
lead ; but this could produce no disturbance of equilibrium. It
is only the waters lying above the level of thisridge in the two
seas that require to balance each other; and if there is no dif-
ference of density between the Atlantic and the Mediterranean
waters from the surface down to the level of the top of the ridge,
then there is nothing that can produce the circulation which Dr.
Carpenter supposes. This submarine ridge comes up to within
very nearly 100 fathoms of the surface; and according to Dr.
Carpenter’s own admission, little or no difference of density ex-
ists down to that deptht; it follows therefore that there is nothing
to produce disturbance of equilibrium, or any such circulation as
that which he infers. It is true that in his last expedition he
found the bottom-water on the ridge somewhat denser than
Atlantic water at the same depth, the former being 1:0292 and
the latter 10265 ; but it also proved to be denser than Medi-
terranean water at the same depth. He found, for example, that
““the dense Mediterranean water lies about 100 fathoms nearer
the surface over a 300-fathoms bottom, than 1t does where the
bottom sinks to more than 500 fathoms” (§ 51). But any excess
of density which might exist at the ridge could have no tendency
whatever to make the Mediterranean column preponderate over
the Atlantic column, any more than could a weight placed over
the fulecrum of a balance have a tendency to make the one scale
weigh down the other.

Although Dr. Carpenter has done me the honour to discuss
nearly all the objections which I have advanced against his
theory, he nevertheless makes no reference whatever to this ob-
jection ; and thisis the more singular, seeing that the expedition,
of which his memoir is a report, was chiefly if not solely under-
taken for the purpose of establishing the correctness of his theory
of the Gibraltar current. If, therefore, there was any one objec-
tion advanced by me which he might have been expected to

* Phil. Mag., October 1871, pp. 269-272.
+ Proc. Roy. Geog. Soc. Jan. 9, 1871, § 13.
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discuss, it was surely that relating to the Gibraltar current; for
if the objection referred to be sound, it shows the mechanical
impossibility of his theory. It proves that whether there be an
under current or not, or whether the dense water lying in the
deep trough of the Mediterranean be carried over the submarine
ridge into the Atlantic or not, the explanation offered by Dr.
Carpenter is one which cannot be admitted. It is incumbent on
him to explain either (1) how the almost infinitesimal difference
of density which exists between the Atlantic and Mediterranean
columns down to the level of the ridge can produce the upper
and under currents carrying the deep and dense water of the Me-
diterranean over the ridge, or (2) how all this can be done by
means of the difference of density which exists below the level
of the ridge.

We shall now pass to the consideration of Dr. Carpenter’s
objections to my conclusions regarding the influence of the Gulf-
stream on climate.

Dr. Carpenter’s Objections to my estimate of the Thermal power
of the Gulf-stream.

““The doctrine of the extension of the Gulf-stream proper to
the polar area, carrying with it a vast amount of equatorial heat,
has been advocated with great ability by Mr. James Croll ; who,
employing the modern method of computing units of heat, essays
to prove that the quantity of heat carried from the equatorial
area by the Gulf-stream is so enormous, as to be competent not
only to do all that Dr. Petermann attributes to it, but a great
deal more” (§ 99).

“Without attempting to follow Mr. Croll through his calcu-
lations, I may stop to point out what appear to me to be the
fallacies of his method ; since if this can be proved erroneous,
Mr. Croll’s great array of figures is utterly valueless’” (§ 100).

Now, in order to show that my ““array of figures is utterly
- valueless,” 1t 1s necessary to prove either that I have overesti-
mated the amount of heat conveyed by the Gulf-stream, or the
effects produced by that heat. This is evident; for if I am cor-
rect both as to the amount of heat conveyed and the effects
produced by that heat, the figures must possess all the value
which I claim for them. -

We shall now consider how Dr. Carpenter manages to render
my estimate of the heat conveyed by the stream ‘ utterly va-
lueless.”

“In the first place, in Mr. Croll’s preliminary comparison of
the temperatures of the northern and southern hemispheres, he
altogether ignores the influence on the distribution of heat
over the globe which is exerted by the great relative preponde-
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rance of land in the northern Lemisphere . . . .. And to affirm,
as Mr. Croll does, that the lower mean temperature of the south-
ern hemisphere is due to the amount of heat transferred over
from that hemisphere to the northern by ocean-currents, is to
repudiate all that has been established by the researches of me-
teorologists, as to the relative effects of land and sea,” &ec. (§ 101).
But what has all this to do with my estimate of the quantity
of heat conveyed by the Gulf-stream ? Supposing it to be true
that I ¢ altogether ignore the influence on the distribution of
heat over the globe which is exerted by the great relative pre-
ponderance of land in the northern hemisphere,” and supposing
1t to be true that the lower mean temperature of the southern
hemisphere is not due, as I have concluded, to the amount of
heat transferred over from that hemisphere to the northern by
ocean-currents, this cannot in any way affect the value of my
figures regarding the amount of heat conveyed by the Gulf-
stream. It is not true, however, that I ignore and repudiate
all that has been established as to the effect of land and sea in
preducing the difference of mean temperature between the two
hemispheres. So far from this being the case, I have devoted
an entire paper (Phil. Mag. Sept. 1869) to an examination of
the arguments which have been advanced to explain the lower
mean temperature of the southern hemisphere. I have given my
reasons for concluding that an enormous amount of heat is trans-
ferred from the southern hemisphere to the northern by means
of currents. These reasons may or may not be satisfactory ; but
nevertheless they are reasons, not assumptions. It would be
needless as well as out of place to repeat these arguments ; but I
may be permitted simply to refer to one of them, viz. my reason
for concluding that a great portion of the heat possessed by the
Gulf-stream is derived from the southern hemisphere. If all
that heat came from the northern hemisphere, it could only
come from that portion of the Atlantic, Caribbean Sea, and Gulf
of Mexico which lies to the north of the equator. The entire
area of these seas, extending to the tropic of Cancer, is about
7,700,000 square miles. Were the heat which passes through
the Straits of Florida derived exclusively from this area, the fol-
lowing Table would then represent the relative quantity per unit
surface possessed by the Atlantic in the three zones, assuming
that one half of the heat of the Gulf-stream passes into the arctic
regions, and the other half remains to warm the temperate
reglons* :—
From the Equator to the Tropic of Cancer . . 773
From the Tropic of Cancer to the Arctic Circle 848
From the Arctic Circle to the North Pole . . 610
* See Phil. Mag. for October 1870, p. 258.
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If a very large proportion of the heat possessed by the Gulf-
stream be not derived from the southern hemisphere, these
figures show that the Atlantic, from the equator to the tropic of
Cancer, should be as cold as from the tropic of Cancer to the
North Pole. But independently of this, a mere glance at a
chart of ocean-currents will show that the Gulf-stream is chiefly
fed by a current from the southern hemisphere. Without such
a transference of heat it would be impossible to account for the
N. Atlantic being actually 5 degrees warmer than the S. Atlantic.

Again, Dr. Carpenter remarks:—*“In computing the heat
imparted by the sun to the equatorial area from which the Gulf-
stream 1is fed, Mr. Croll assumes that the heat, being wholly
taken up by the water of the ocean, is transferred by its cur-
rents towards the polar regions; whilst of the heat which falls
upon the land, a very large proportion is lost by radiation,
passing off into the stellar spaces’ (§ 102).

But this cannot in any way affect the correctness of the result
of my computation of the amount of heat conveyed by the Gulf-
stream. What I have maintained in my papers is, that the
quantity of heat conveyed by the winds from intertropical land
is trifling to that which is conveyed by currents from inter-
tropical seas. Dr. Carpenter says that ¢ the heat lost by eva-
poration from the sea must be far greater than that lost by
radiation from the land.” According to the laws of radiation
and absorption, all the heat received from the sun by the land
must be either reflected or radiated from its surface, with the
exception of the small portion which is communicated to the
air in confact with that surface. In fact it is by radiation that
the sea as well as the land loses the greater part of its heat—the
only difference in the two cases being, that heat radiated from
the sea is absorbed more readily by the air than heat radiated
from the land, and consequently produces a greater influence
on climate.

Dr. Carpenter continues :—* Mr. Croil leaves almost entirely
out of the question the N.E. transportation of an enormous
amount of heat from the general surface of the Atlantic by the
agency of the aqueous vapour thus raised; although the im-
portance of this agency has been insisted on by the most emi-
nent authorities in meteorology ”’ (§ 108).

Here again, however, my estimate of the heat conveyed by
the Gulf-stream, or the effects which it produces, cannot pos-
sibly be affected by the above consideration. It seems to be
forgotten in this objection, that, were it not for the Gulf-stream,
the quantity of heat which could possibly be derived from the
Atlantic would be so much the less by an amount equal to that
conveyed by the stream. Besides all this, there may be other
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sources of heat than those noticed by me; but the omission
does not diminish the importance of those to which I have
referred. Had I been writing a treatise on meteorology, I
should no doubt have rveferred as well to the influence of
aqueous vapour as to many other sources of heat which I have
purposely omitted in my paper on Ocean-currents as being
foreign to my inquiry.

Dr. Carpenter objects to my statement that “the greater
part of the moisture received at the equator is condensed and
falls as rain in those regions,” and refers me to the case of the
Red Sea, where, although evaporation is excessive, almost no
rain falls. But is it not an established fact, that the greater
part of the water evaporated in intertropical regions does
actually fall as rain in those regions? The reason why the
vapour raised from the Red Sea does not fall in that region as
rain, is no doubt owing to the fact that this sea is only a nar-
row strip of water In a dry and parched land, the air overhead
being too greedy of moisture to admit of the. vapour being de-
posited as rain. But over a wide expanse of ocean, where the
air above is kept to a great extent in a constant state of satura-
tion, the case is totally different.

I continue my quotation :—* Until corrected by Mr. Findlay,
Mr. Croll assumed that the whole of the true Gulf-stream con-
tinues to flow in a N.E. direction ; whereas it is unquestionable
that a considerable proportion of it (probably more than one
half) turns southwards to the east of the "Azores, and reenters
the equatorial current” (§ 104).

I am not aware of having advanced any thing which could
lead Dr. Carpenter or any one else to suppose that I was of
opinion that the whole of the Gulf-stream flows in a N.E. di-
rection, or that I was ignorant of the existence of the S.E.
branch. Nor do I remember having seen the correction by Mr.
Findlay to which he refers. To suppose that I knew of the
existence of the N.E. but not of the S.E. branch, is to assume
that I had never seen a chart of the Gulf-stream. If I had
seen a chart, how could I possibly have observed the N.E.
branch without at the same time perceiving the other? It
would be just as possible to look one’s friend in the face and
notice his left eye without seeing his right.

In reference to these four reasons or arguments designed to
show that my figures are valueless, there must be some con-
fusion of 1deas. The point to be proved is, that by some wrong
method. I have been led to form either an erroneous estimate of
the quantity of heat conveyed by the Gulf-stream, or the effects
resulting from that heat. This is what Dr. Carpenter proposes
to do; but no sooner does he make this proposal than he com-
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mences to prove something totally different, viz. that there are
a great many important causes affecting climate which I entirely
ignore or overlook, and that those causes which I ignore or
overlook have a far greater influence on climate than the heat
of the Gulf-stream. It may be perfectly true that there are a
great many important causes affecting climate which I have not
considered ; and it may likewise be true that those causes, left
out of consideration, have a far more powerful influence on cli-
mate than the heat conveyed by the Gulf-stream ; nevertheless
it may be true also that all my statements regarding the in-
fluence of the Gulf-stream on climate are perfectly correct. It
does not necessarily follow that a horse may not possess a cer-
tain amount of strength, and be able to perform a certain
amount of work, simply because there are other horses which
possess a much greater amount of strength, and can perform a
much greater amount of work.

What I have endeavoured to prove in reference to the Gulf-
stream 1s :—that the amount of heat conveyed by it is so enor-
mous as to be equal to one fourth of all the heat received from
the sun by the North Atlantic in temperate regions; and that
were it not for the Gulf-stream and other ocean-currents, only
a very small portion of the globe would be suited to the present
orders of sentient beings *—that London, instead of possessing
a mean annual temperature of nearly 50° would have a mean
temperature of not over 10°. But I never argued that there
were not other causes to which we are far more indebted than
to the heat of the Gulf-stream. Were it not for those other
causes, the temperature of London would not be simply 40°,
but upwards of 500° below what it is at present.

The bearing which my estimate has on Dr. Carpenter’s Theory.

There is one point to which I wish to direct special attention,
viz. the bearing which my conclusions regarding the quantity
of heat conveyed by the Gulf-stream have on Dr. Carpenter’s
theory of a general interchange of equatorial and polar water.
But, in order better to understand this matter, it will be neces-
sary to refer very briefly to a point which has already been dis-
cussed at considerable length in former papers. In my earlier
paper on the amount of heat conveyed by the Gulf-stream 1, I
estimated the volume of that stream as equal fo that of a current
50 miles broad and 1000 feet deep, flowing (from the surface
to the bottom) at 4 miles an hour. Of course I did not mean,
as Dr. Carpenter seems to suppose, that the stream at any par-

* Phil. Mag. for Feb. 1870.

¥ Trans. of Geol. Soc. of Glasgow for April 1867 ; Phil. Mag. for June
1867 (Supplement).
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ticular place is 50 miles broad and 1000 feet deep, or that it
actually flows at the uniform rate of 4 miles an hour at surface
and bottom. All I meant was, that the Gulf-stream is equal to
that of a current of the above size and velocity. But in my
recent papers on Ocean-currents I have taken the volume of
the stream at one half this estimate, viz. equal to a current
50 miles broad and 1000 feet deep flowing at the rate of 2 miles
an hour. I have estimated the mean temperature of the stream
as it passes the Straits of Florida to be 65°, and have supposed
that the water in its course becomes ultimately cooled down on
an average to 40°*. In this case each pound of water conveys
25 units of heat from the Gulf of Mexico, to be employed in
warming temperate and polar regions. Assuming these data
to be correct, it follows that the amount of heat transferred
from the Gulf of Mexico by this stream per day amounts
to 77,479,650,000,000,000,000 foot-pounds. This enormous
quantity of heat is equal to one fourth of all that is received
from the sun by the whole of the Atlantic Ocean from the
tropic of Cancer up to the Arctic Circle.

This 1s the amount of heat conveyed from intertropical to
temperate and polar regions by the Gulf-stream. What now
1s the amount conveyed by means of the general oceanic circu-
lation? If this general interchange of equatorial and polar
water be, as Dr. Carpenter supposes, the great agency employed
in distributing heat over the globe, then surely it is not too
much to expect that the quantity of intertropical heat carried
into the North Atlantic and Arctic seas must be at least equal
to that carried by the Gulf-stream.

If we assume this to be the case, then the combined amount
of heat conveyed by the two agencies into the Atlantic from
intertropical regions will of course be equal to twice that con-
veyed by the Gulf-stream alone. Taking the annual quantity of
heat received from the sun per unit surface at the equator at
1000, the quantities received by the three zones will be respec-
tively as follows :—

Equator . . ..o 1000
Tortid Zone &4 4 L LTe07b
Temperateizone 11 » .00 2 a7 67
Frigid zone . . . . . 454

* It is probable that a large proportion of the water constituting the
south-eastern branch of the Gulf-stream is never cooled down to 40° ;
but, on the other hand, the north-eastern branch, which passes into the
Arctic regions, will be cooled far below 40°, probably below 30°. Hence
I cannot be overestimating the extent to which the water of the Gulf-
stream is cooled down in fixing upon 40° as the average minimum
temperature.
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Now it will be seen, by referring to what has been shown on
a former occasion (Phll Mag. for Oct. 1870, p. 257), that the
Gulf-stream and general oceanic circulation would, in such a
case, remove from the torrid zone 405 parts of the 975 received
from the sun ; and this transferred to the Atlantic in temperate
regions, would add 367 to the 757 already possessed by it. In
this case the Atlantic in temperate regions would possess 1126
parts of heat, whereas the intertropical region would possess
only 570 parts; or, in other words, the Atlantic in temperate
regions would have twice the amount of heat possessed by it in
intertropical regions. But if we assume that one half of this
- heat goes into the Arctic Ocean, and the other half remains in
the temperate regions, the relative quantities of heat possessed
by the three zones will be as follows :—

Atlantie, in Torrid zone . . . . 570
5 in Temperate zone . . . 940
L melrisid Zofe . .5 L. 1766

It s here assumed, however, that none of the heat possessed
by the Gulf-stream 1s derived from the southern hemisphere,
which, we know, 1s not the case. But supposing that as
much as one half of the heat possessed by the stream came from
the southern hemisphere, and that the other half was obtained
rrom the seas lying between the equator and the tropic of
Cancer, the relative proportions of heat possessed by the three
zones per given area would be as follows :—

Atlantic, in Torridd zone . . . . 671
2 in Temperate zone . . . 940
5 in Prigid moneis . Joiii . 766

This proves incontestably that, supposing there is'such a cir-
culation as Dr. Carpenter maintains, the quantity of heat con-
veyed by means of it into the North Atlantic and Arctic Oceans
must be trifling in comparison with that conveyed by the Gulf-
stream ; for if it nearly equalled that conveyed by the Gulf-
stream, then not only the North Atlantic in temperate regions;
but even the Arctic Ocean itself would be much warmer than
the intertropical seas. In fact, so far as the distribution of
heat over the globe is concerned, it is a matter of indifference
whether there really is or is not such a thing as this general
oceanic circulation. The enormous amount of heat conveyed
by the Gulf-stream alone puts it beyond all doubt that ocean-
currents are the great agents employed in distributing over the
globe the excess of heat received by the sea in intertropical
regions.

It is therefore, so far as concerns the theory of a General
Oceanic Circulation, of the utmost importance that the advo-
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cates of that theory should prove that I have overestimated
the thermal power of the Gulf-stream. This, however, can
only be done by detecting some error either in my computa-
tion or in the data on which it is based; yet neither Dr. Car-
penter nor any one else, as far as I know, has challenged
the accuracy of my figures. The question at issue 1s the cor-
rectness of the data; but the only part of the data which can
possibly admit of being questioned 1s my estimate of the volume
and femperature of the stream. Dr. Carpenter, however, does
not maintain that I have overestimated the temperature of the
stream ; on the contrary, he affirms that I have really under-
estimated 1t. “‘If we assume,” remarks Dr. Carpenter, *the
limit of the stratum above 60° as that of the real Gulf-stream
current, we shall find its average temperature to be somewhat
higher than it has been stated by Mr. Croll, who seems to have
taken 65° as the average of the water flowing through the
entire channel. The average surface-temperature of the Florida
channel for the whole year is 80°; and we may fairly set the
average of the entire outgoing stream, down to the plane of 60°,
at 70°, instead of 65° as estimated by Mr. Croll”” (§ 141). It
follows, then, that every pound of water of the Gulf-stream
actually conveys 5 units of heat more than I have estimated it
to do—the amount conveyed being 30 units instead of 25 units
as estimated by me. Consequently, if the Gulf-stream be equal
to that of a current of merely 411 miles broad and 1000 feet
deep, flowing at the rate of 2 miles an hour, it will still convey
the estimated quantity of heat. But this estimate of the volume
of the stream, let it be observed, scarcely exceeds one third of
that given by Herschel, Maury, and Colding (Phil. Mag. Oct.
1871, p. 272), and little more than one half that assigned to it
by Mr. Laughton, and but very little exceeds that given by Mr.
Findlay *, an author whom few will consider likely to overrate
either the volume or heating-power of the stream.

The important results obtained during the ¢ Challenger’ ex-
pedition have clearly proved that I have neither overestimated
the temperature nor the volume of the Gulf-stream. Between
Bermuda and Sandy Hook the stream is 60 miles broad and
600 feet deep, with a maximum velocity of from 3% to 4 miles
an hour. If the mean velocity of the entire section amounts to
2% miles an hour, which it probably  does, the volume of the
stream must equal that given in my estimatet. But we have no

* Mr. Findlay considers that the daily discharge does not exceed 333
cubic miles (Brit. Assoc. Rep. 1869, p. 160). My estimate makes it
378 cubic miles. Mr. Laughton’s estimate is 630 cubic miles (Paper “ On
Ocean-currents,” Journ. ot Royal United-Service Institution, vol. xv.).

t+ Dr. Carpenter states (§ 140) that 48 miles per day is the mean
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evidence that all the water flowing through the Straits of Flgmda
-passes through the section examined by the officers of the ¢ Chal-
lenger.” Be this, however, as it may, the observations m.ade
between St. Thomas and Sandy Hook reveal the existence of an
immense flow of warm water, 2300 feet deep, entirely distinct
from the water included in the above section of the Gulf-stream
proper. As the thickest portion of this immense body of water
joins the warm water of the Gulf-stream, Captain Nares con-
siders that it is evidently connected with it, and probably as
an offshoot.”” At Sandy Hook, according to him, it extends
1200 feet deeper than the Gulf-stream itself, but off Charleston,
600 miles nearer the source, the same temperature is found at
the same depth. But whether it be an offshoot of the Guli-
stream or not, one thing is certain, it can only come from .the
Gulf of Mexico or from the Caribbean Sea; and that ‘it 1S a
moving stream is proved by the fact that at some places 1ts ve-
locity was found to be as great as 18 miles per day. This mass
of water, after flowing northwards for about 1000 miles, turns
to the right and crosses the Atlantic in the direction of the
Azores, where it appears to thin out.

If, therefore, we take into account the combined heat con-
veyed by both streams, my estimate of the heat transferred from
intertropical regions into the North Atlantic will be found
rather under the truth than above it. The quantity of heat
thus borne into the Atlantic is enormous compared with that
which can possibly be conveyed by a  General Vertical Oceanic
Circulation.” It follows, therefore, that, so far as the distribu-
tion of heat is concerned, it is a matter of perfect indifference
whether such a circulation does or does not exist.

Tae Winp Tarory or OceEanNic CIRCULATION.

Ocean-currents not due alone to the Trade-Winds—The gene-
rally received opinion amongst the advocates of the wind theory
of oceanic circulation is that the Gulf-stream and other currents
of the ocean are due to the impulse of the trade-winds. The
tendency of the trade-winds is to impel the intertropical waters
along the line of the equator from east to west; and were those
regions not occupied in some places by land, this equatorial cur-
rent would flow directly round the globe. Its westward progress,
however, i1s arrested by the two great continents, the old and
the new. On approaching the land the current bifurcates, one

annual rate of the Gulf-stream in the ““ Narrows;’’ but in the Admiralty’s
Current-chart, published October 1872, the minimum rate is stated to be
32, and the maximum rate 120 nautical miles per day. This gives 87 sta-
tute miles per day, or fully 3} miles per hour, as the mean rate.

Phil. Mag. S. 4. Vol. 47. No. 311. March 1874. N



178  Mr. J. Croll on the Physical Cause of Ocean-currents.

portion trending northwards and the other southwards. The
northern branch of the equatorial current of the Atlantic passes”
mto the Caribbean Sea, and after making a circuit of the Gulf
of Mexico, flows northward and continues its course into the
Arctic Ocean. The southern branch, on the other hand, is de-
flected along the South-American coast, constituting what is
known as the Brazilian current. Inthe Pacific a similar deflec-
tion occurs against the Asiatic coast, forming a current some-
what resembling the Gulf-stream, a portion of which (Kamt-
schatka current) in like manner passes into the Arctic regions.
In reference to all these various currents, the impelling cause
1s supposed to be the force of the trade-winds.

It 1s, however, urged as an objection by Maury and other ad-
vocates of the gravitation theory, that a current like the Gulf-
stream, extending as far as the Arctic regions, could not possibly
be impelled and maintained by a force acting at the equatorial
regions. But this is a somewhat weak objection. It seems to
be based upon a misconception of the magnitude of the force in
operation. It does not take into account that this force acts on
nearly the whole area of the ocean in intertropical regions. If,
in a basin of water, say three feet in diameter, a force is applied
sufficient to produce a surface-flow one foot broad across the
centre of the basin, the water impelled against the side will be
deflected to the extremes of the vessel. And this result does
not in any way depend upon the size of the basin. The same
effect which occurs in a small basin will occur in a large one,
provided the proportion between the breadth of the belt of water
put in motion and the size of the vessel be the same in both
cases. It does not matter, therefore, whether the diameter of the
basin be supposed to be three feet, or three thousand miles, or
ten thousand miles.

There 1s a more formidable objection, however, to the theory.
The trade-winds will account for the Gulf-stream, Brazil, Japan,
Mozambique, and many other currents; but there are currents,
such as some of the polar currents, which cannot be so accounted
for. Take, for example, the great Antarctic current flowing
northward into the Pacific. This current does not bend to the
left under the influence of the earth’s rotation and continue its
course in a north-westerly direction, but actually bends round
to the right and flows eastward against the South-American coast,
in direct opposition both to the influence of rotation and to the
trade-winds. The trade-wind theory, therefore, is insufficient to
account for all the facts. But there is yet another explanation,
which satisfactorily solves our difficulties. The currents of the
ocean owe their origin, not to the trade-winds alone, but to the
prevailing winds of the globe (including, of course, the trade-
winds).
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Ocean-currents due to the System of Winds.—1f we leave out
of account a few small inland sheets of water, the globe may be
said to have but one sea, just as it possesses only one atmo-
sphere. We have accustomed ourselves, however, to speak of
parts or geographical divisions of the one great ocean, such as
the Atlantic and the Pacific, as if they were so many separate
oceans. And we have likewise come to regard the currents of
the ocean as separate and independent of one another. This
notion has no doubt to a considerable extent militated against
the acceptance of the theory that the currents are caused by the
winds, and not by difference of specific gravity ; for it leads to the
. conclusion that currents in a sea must flow in the direction of
the prevailing winds blowing over that particular sea. The
proper view of the matter, as I hope to be able to show, is that
which regards the various currents merely as members of one
grand system of circulation produced, not by the trade-winds
alene, nor by the prevailing winds proper alone, but by the
combined action of all the prevailing winds of the globe, regarded
as one system of circulation.

If the winds be the impelling cause of currents, the direction
of the currents wiil depend upon two circumstances, viz.:—(1)the
direction of the prevailing winds of the globe, including, of
course, under this term the prevailing winds proper and the trade-
winds; and (2) the conformation of land and sea. It follows,
therefore, that as a current in any given sea is but a member of
a general system of circulation, its direction is determined, not
alone by the prevailing winds blowing over the sea in question,
but by the general system of prevailing winds. It may conse-
quently sometimes happen that the general system of winds
may produce a current directly opposite to the prevailing wind
blowing over the current. The accompanying Chart (Plate I1.)
shows how exactly the system of ocean-currents agrees with
the system of the prevailing winds. The fine lines indicate the
paths of the prevailing winds, and the fine arrows the direction
m which the wind blows along those paths. The large arrows
show the direction of the principal ocean-currents.

The directions and paths of the prevailing winds have been
taken from Messrs. Johnston’s small physical Atlas, which, I
find, agrees exactly with the direction of the prevailing winds as
deduced from the four quarterly wind charts lately published
by the Hydrographic Department of the Admiralty. The direc-
tion of the ocean-currents has been taken from the Current-
chart published by the Admiralty.

In every case, without exception, the direction of the main cur-
rents of the globe agrees exactly with the direction of the pre-
vailing winds. There could not possibly be a more convincing

N2
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proof that those winds are the cause of the ocean-currents than
this general agreementof thetwo systems as indicated by the chart.
Take, for example, the North Atlantic. The Gulf-stream follows
exactly the path of the prevailing winds. The Gulf-stream bifur-
cates in mid Atlantic; so does the wind. The left branch of the
stream passes north-eastwards into the Arctic regions, and the
right branch south-eastwards by the Azores; so does the wind.
The south-eastern branch of the stream, after passing the Cana-
ries, reenters the equatorial current and flows into the Gulf of
Mexico ; the same, it will be observed, holds true of the wind.
A like remarkable agreement exists in reference to all the other
leading currents of the ocean. This is particularly seen in the
case of the great Antarctic current between long. 140° W. and
160° W. This current, flowing northwards from the Antarctic
regions, instead of bending to the left under the influence of ro-
tation, turns to the right when it enters the regions of the
westerly winds, and flows eastwards towards the South-American
shores. In fact all the currents in this region of strong westerly
winds flow in an easterly or north-easterly direction.

Taking into account the effects resulting from the conforma-
tion of sea and land, the system of ocean-curreuts agrees pre-
cisely with the system of the winds. All the principal currents of
the globe are in fact moving in the exact direction in which they
ought to move, assuming the winds to be the sole impelling
cause: In short, so perfect is the agreement between the two
systems, that, given the system of winds and the conformation
of sea and land, and the direction of all the currents of the ocean,
or more properly the system of oceanic circulation, might be
determined @ priori. Or given the system of the ocean-currents
together with the conformation of sea and land, and the direc-
tion of the prevailing winds could also be determined a prior:.
Or, thirdly, given the system of winds and the system of currents,
and the conformation of sea and land might be roughly deter-
mined. For example, it can be shown by this means that the
Antarctic regions are probably occupied by a continent and not
by a number of separate islands, nor by sea.

While holding that the currents of the ocean form one system
of circulation, we must not be supposed to mean that the various
currents are connected end to end, having the same water flow-
ing through them all in succession like that in a heating-appa-
ratus. All that is maintained is simply this, that the currents
are so mutually related that any great change in one would
modify the conditions of all the others. For example, a great
increase or decrease in the easterly flow of Antarctic water in the
Southern Ocean would decrease or increase, as the case might
be, the strength of the West-Australian current ; and this change
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would modify the equatorial current of the Indian Ocean, a mo-
dification which in like manner would affect the Agulhas current
and the Southern Atlantic current—this last leading in turn to a
modification of the equatorial current of the Atlantic, and conse-
quently of the Brazilian current and the Gulf-stream. Further-
more, since a current impelled by the winds, as Mr. Laughton in
his exceent paper on ocean-currents justly remarks, tends to leave
a vacancy behind, it follows that a decrease or increase in the Gulf-
stream would affect the equatorial current, the Agulhas current,
and all the other currents back to the Antarctic currents. Again, a
large modification in the Great Antarctic drift-current would in
- like manner affect all the currents of the Pacific. On the other
hand, any great change in the currents of the Pacific would
ultimately affect the currents of the Atlantic and Indian Oceans,
through its influence on the Cape-Horn current, the South-
Australian current, and the current passing through the Asiatic
archipelago ; and wice versd, any changes in the currents of the
Atlantic or Indian Oceans would modify the currents of the Pacific,

I may now consider the cause of the Gibraltar current. There
can be little doubt that this current owes its origin (as Mr.
Laughton points out) to the Gulf-stream. ‘I conceive,” that
author remarks, ‘ that the Gibraltar current is distinctly a stream
formed by easterly drift of the North Atlantic, which, although
it forms a southerly current on the coast of Portugal, is still
strongly pressed to the eastward and seeks the first escape it
can find. So great indeed does this pressure seem to be, that
more water is forced through the Straits than the Mediterranean
can receive, and a part of it is ejected in reverse currents, some
as lateral currents on the surface, some, it appears, as an under
current at a considerable depth” *¥. The funnel-shaped nature
of the strait through which the water is impelled helps to ex-
plain the existence of the under current. The water being
pressed into the narrow neck of the channel tends to produce
a slight banking up; and as the pressure urging the water for-
ward 1s greatest at the surface and diminishes rapidly down-
wards, the tendency to the restoration of level will cause an
underflow towards the Atlantic, because below the surface the
water will find the path of least resistance. It is evident indeed
that this underflow will not take place toward the Mediterra-
nean, from the fact that that sea is already filled to overflowing
by the current received from the outside ocean.

If we examine the Current-chart published by the Hydro-
graphic Department of the Admiralty, we shall find the Gibraltar
current represented as merely a continuation of the S.E. flow
of Gulf-stream water. Now, if the arrows shown upon this

* Journal of Royal United-Service Institute, vol. xv.
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chart indicate correctly the direction of the flow, we must be-
come convinced that the Gulf-stream water cannot possibly
avoid passing through the Gibraltar Strait. Of course the excess
of evaporation over that of precipitation within the Mediterra-
nean area would of itself produce a considerable current through
the Strait; but this of itself would not fill that inland sea to
overflowing.

The Atlantic may, in fact, be regarded as an immense whirl-
pool with the Saragossa Sea as its vortex; and although it is
true, as will be seen from an inspection of the Chart, that the
wind blows round the Atlantic along the very path taken by the
water, impelling the water forward along every inch of its course,
yet nevertheless it must hold equally true that the water has a
tendency to flow off in a straight line at a tangent to the circular
course in which it is moving. But the water is so hemmed in
on all sides that it cannot leave this circular path except only at
two points; and at these two points it actually does flow out-
wards. On the east and west sides the land prevents any such
outflow. Similarly, in the south the escape of the water is frus-
trated by the pressure of the opposing currents flowing from
that quarter ; while in the north it is prevented by the pressure
exerted by polar currents from Davis Strait and the Aretic Ocean.
But in the Strait of Gibraltar and in the north-eastern portion
of the Atlantic between Iceland and the north-eastern shores of
Europe there is no resistance offered ; and at these two points an
outflow does actually take place. In both cases, however, espe-
cially the latter, the outflow is greatly aided by the impulse
of the prevailing winds.

The consideration that ocean-currents are simply parts of a
system of circulation produced by the system of prevailing winds,
and not by the impulse of the trade-winds alone, helps to remove
the difficulty which some have in accounting for the existence of
under currents without referring them to difference of specific
gravity. Take the case of the Gulf-stream, which passes under
the polar stream on the west of Spitzbergen, this latter stream
passing in turn under the Gulf-stream a little beyond Bear
Island. The polar streams have their origin in the region of
prevailing northerly winds, which no doubt extend to the Pole.
The current flowing past the western shores of Spitzbergen,
throughout its entire course up to near the point where it dis-
appears under the warm waters of the Gulf-stream, lies in the
region of these same northerly winds. Now why should this
current cease to be a surface-current as soon as it passes out of
the region of northerly into that of south-westerly winds? The
explanation seems to be this: when the stream enters the region
of prevailing south-westerly winds, its progress southwards along
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the surface of the ocean is retarded both by the wind and by the
surface-water moving in opposition to its course; but being con-
tinually pressed forward by the impulse of the northerly winds
acting along its whole course back almost to the pole perhgps,
or as far north at least as the sea is not wholly covered with ice,
the polar current cannot stop when it enters the region of op-
posing winds and currents; it must move forward, But the
water thus pressed from behind will naturally take the path of
least resistance. Now in the present case this path will neces-
sarily lie at a considerable distance below the surface. Had the
polar stream simply to contend with the Gulf-stream flowing in
the opposite direction, it would probably keep the surface and
continue its course along the side of that stream ; but it is op-
posed by the winds, from which it cannot escape except by dip-
ping down under the surface; and the depth to which 1t will
descend will depend upon the depth of the surface-current flow-
ing in the opposite direction. There is no necessity for suppo-
sing a heaping up of the water in order to produce by pressure
a force sufficient to impel the under current. The pressure of
the water from behind is of itself enough. The same explana-
tion, of course, applies to the case of the Gulf-stream passing
under the polar stream. And if we reflect that these under
currents are but parts of the general system of circulation, and
that in most cases they are currents compensating for water
drained off at some other quarter, we need not wonder at the
distance which they may in some cases flow, as, for example,
from the banks of Newfoundland to the Gulf of Mexico. The
under currents of the Gulf-stream are necessary to compensate
for the water impelled southwards by the northerly winds; and
again, the polar under currents are necessary to compensate for
the water impelled northward by the south and south-westerly
winds.

No accurate observations, as far as I know, have been made
regarding the amount of work performed by the wind in impel-
ling the water forward ; but when we consider the great retard-
ing effect of objects on the earth’s surface, it is quite apparent
that the amount of work performed on the surface of the ocean
must be far greater than is generally supposed. For example,
Mr. Buchan, Secretary to the Scottish Meteorological Society,
has shown* that a fence made of slabs of wood 3 inches in width
and 3 inches apart from each other is a protection even during
high winds to ohjects on the lee side of it, and that a wire screen
with meshes about an inch apart affords protection during a gale
to flower-pots. The same writer was informed by Mr. Addie
that such a screen put up at Rockville was torn to pieces by a

* Paper read to the Edinburgh Botanical Society on Jauuary 8, 1874.
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storm of wind, the wire screen giving way much in the same
way as sails during a hurricane at sea.

Ocean-currents in relation to Change of Climate—In m
attempts to prove that oceanic circulation is produced by the
winds and not by difference of specific gravity, and that ocean-
currents are the great distributors of heat over the globe, my
chief aim has been to show the bearing which these points have
on the grand question of secular changes of climate during geo-
logical epochs, more particularly in reference to that mystery
the cause of the glacial epoch.

In concluding this series of papers, [ may therefore be allowed
briefly to recapitulate those points connected with the subject of
ocean-currents which seem to shed most light on the question
of changes of climate, referring the reader for fuller details to
former papers on the question.

The complete agreement between the systems of ocean-cur-
rents and winds not only shows that the winds are the impelling
cause of the currents, but i1t also indicates to what an extent the
directions of the currents are determined by the winds, or, more
properly, to what an extent their directions are determined by
the direction of the winds. :

We have seen in a former part of this paper (Phil. Mag. Feb.
1870) to what an enormous extent the climatic conditions of the
globe are dependent on the distribution of heat effected by means
of ocean-currents. It has been there pointed out that, if the
heat conveyed from intertropical to temperate and polar regions
by oceanic circulation were restored to the former, the equa-
torial regions would then have a temperature about 55° warmer,
and the high polar regions a climate 83° colder than at present.
It follows, therefore, that any cause which will greatly affect the
currents or greatly change their paths and mode of distribution,
will of necessity seriously affect the climatic condition of the
globe. But as the existence of these currents depends on the
winds, and their direction and form of distribution depend upon
the direction and form of distribution of the winds, any cause
which will greatly affect the winds will also greatly affect the
currents, and consequently will influence the climatic condition
of the globe. Again, as the existence of the winds depends
mainly on the difference of temperature between equatorial and
polar regions, any cause which will greatly affect this difference
of temperature will likewise greatly affect the winds ; and these
will just as surely react on the currents and climatic conditions
of the globe. A simple increase or decrease in the difference of
temperature between equatorial and polar regions, though it
would certainly produce an increase or a decrease, as the case
might be, in the strength of the winds, and consequently in the
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strength of the currents, would not, however, greatly affect the
mode of distribution of the winds, and as a consequence, the
mode of distribution of the currents. But although a simple
change in the difference of temperature between the ¢ equator and
the poles would not produce a different distribution of]aérial,
and consequently of ocean-currents, nevertheless a difference in
the difference of temperature between the equator and the two
poles would do so; that is to say, any cause that should increase
the difference of temperature between the equator and the pole
on the one hemisphere, and decrease that difference on the
other, would effect a change in the distribution of the aérial
currents, which change would in turn produce a corresponding
change in the distribution of ocean-currents.

It has been shown* that an increase in the eccentricity of the
earth’s orbit tends to lower the temperature of the one hemi-
sphere and to raise the temperature of the other. 1t is true
that an increase of eccentricity does not afford more heat to the
one hemisphere than to the other; nevertheless it brings about,
as I have already shown, a condition of things which tends to
lower the temperature of the one hemisphere and to raise the
temperature of the other. Let us imagine the eccentricity to
be at its superior limit, ‘07775, and the winter solstice in the
aphelion. The midwinter temperature, owing to the increased
distance of the sun, would be lowered enormously ; and the effect
of this would be to cause all the moisture which now falls as rain
during winter in temperate regions to fall assnew. Nor is this
all; the winters would not merely be colder than now, but the
would also be much longer. At present the summer half year
exceeds the winter half year by nearly 8 days; but at the period
in question the winters would be longer than the summers by |
upwards of 36 days. The heat of the sun during the short
summer, for reasons which have already been explained would
not be sufficient to melt the snow of winter ; ; so that gradually,
year by year, the snow would continue to accumulate on the
ground.

On the southern hemisphere the opposite condition of things
would obtain. Owing to the nearness of the sun during the
winter of that hemlsphere the moisture of the air would be pre-
cipitated as rain in regions where at present it falls as snow.
This and the shortness of the winter would tend to produce
a decrease In the quantity of snow. The difference of tem-
perature between the equatorial and the temperate and polar
regions would therefore be greater on the northern than on
the southern hemisphere; and, as a consequence, the aérial

* Phil. Mag. August 1864, February 1867, March 1870, and other
places.
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currents of the former hemisphere would be stronger than
those of the latter. This would be more especially the case
with the trade-winds. The N.E. trades being stronger than
the S.E. trades would blow across the equator, and the medial
line between them would therefore be at some distance to the
south of the equator. Thus the equatorial waters would be
impelled more to the southern than to the northern hemi-
sphere ; and the warm water carried over in this manner to the
southern hemisphere would tend to increase the difference of
temperature between the two hemispheres. This change, again,
would in turn tend to strengthen the N.E. and to weaken the
S.E. trades, and would thus induce a still greater flow of equa-
torial waters into the southern hemisphere—a result which
would still more increase the difference of temperature between
the northern and southern hemisphere, and so on—the one cause
so reacting on the other as to increase its effects, as was shown at
length on a former occasion (Phil. Mag. March 1870).

It was this mutual reaction of those physical agents which led,
as [ have pointed out (Phil. Mag. March 1870), to that extra-
ordinary condition of climate which prevailed during the glacial
epoch.

There is another circumstance to be considered which perhaps
more than any thing else would tend to lower the temperature
of the one hemisphere and to raise the temperature of the other ;
and this is the displacement of the great equatorial current.
During a glacial period in the northern hemisphere the medial
line between the trades would be shifted very considerably south
of the equator ; and the same would necessarily be the case with
the great equatorlal currents, the only difference being that the
equatorial currents, other things being equal, would be deflected
further south than the medial line. For the water impelled by
the strong N.E. trades would be moving with greater velocity
than the waters impelled by the weaker S.E. trades, and, of
course, would cross the medial line of the trades before its pro-

ress southwards could be arrested by the counteracting influ-
ence of the S.E. trades. Let us glance briefly at the results
which would follow from such a condition of things. In the
first place, as was shown on former occasions (Phil. Mag. for
August 1864, February 1867, March 1870), were the equatorial
current of the Atlantic (the feeder of the Gulf-stream) shifted
considerably south of its present position, it would not bifurcate,
as it now does, off Cape St. Roque, owing to the fact that the
whole of the waters Would strike obliquely against the Brazilian
coast and thus be deflected into the Southern Ocean. The effect

produced on the climate of the North Atlantic and North-western
Eulope by the withdrawal of the water forming the Gulf-stream,
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may be conceived from what has already been stated concerning
the amount of heat conveyed by that stream. The heat thus
withdrawn from the North Atlantic would go to raise the tem-
perature of the Southern Ocean and Antarctic regions. A similar
result would take place in the Pacific Ocean. Were the equato-
rial current of that ocean removed greatly to the south of its
present position, it would not then impinge and be deflected
upon the Asiatic coast, but upon the continent of Australia ; and
the greater portion of its waters would then pass southward
into the Southern Ocean, while that portion passing round the
north of Australia (owing to the great strength of the N.E.
trades) would rather flow into the Indian Ocean than turn round,
as now, along the east coast of Asia by the Japan Islands. The
stoppage of the Japan current, combined with the displacement
of the equatorial current to the south of the equator, would
greatly lower the temperature of the whole of the North Pacific
and adjoining continents, and raise to a corresponding degree
the temperature of the South Pacific and Southern Ocean.
Again, the waters of the equatorial current of the Indian Ocean
(owing to the opposing N.E. trades), would not, as at pre-
sent, find their way round the Cape of Good Hope into the
North Atlantic, but would be deflected southwards into the
Antarctic sea.

We have in the present state of things a striking example of
the extent to which the medial line between the two trades may
be shifted, and the position of the great equatorial currents of
the ocean may be affected by a slight difference in the relative
strength of the two aérial currents. The S.E. trades are at pres
sent a little stronger than the N.E. ; and the consequence is that
they blow across the equator into the northern hemisphere to a
distance sometimes of 10 or 15 degrees, so that the mean posi-
tion of the medial line lies at least 6 or 7 degrees north of the
equator.

And it is doubtless owing to the superior strength of the
S.E. trades that so much warm water crosses the equator from
the South to the North Atlantic, and that the main portion of
the equatorial current flows into the Caribbean Sea rather than
along the Brazilian coast. Were the two trades of equal strength,
the transference of heat into the North Atlantic from the south-
ern hemisphere by means of the Southern Atlantic and Equa-
torial currents would be much less than at present. The same
would also hold true in regard to the Pacific.

Ocean-currents in relation to the Distribution of Plants and
Animals.—In the fifth and last editions of the ‘Origin of Species,’
Mr. Darwin has done me the honour to express his belief that
the foregoing view regarding alternate cold and warm periods
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in north and south during the glacial epoch explains a great
many facts in connexion with the distribution of plants and ani-
mals which have always been regarded as exceedingly puzzling.

There are certain species of plants which occur alike in the
temperate regions of the southern and northern hemispheres.
At the equator these same temperate forms are found on elevated
mountains, but not on the lowlands. How, then, did these tem-
perate forms manage to cross the equator from the northern
temperate regions to the southern, and vice versé ? Mr. Darwin’s
solution of the problem is (in his own words) as follows :—

¢ As the cold became more and more intense, we know that
Arctic forms invaded the temperate regions; and from the facts
just given, there can hardly be a doubt that some of the more
vigorous, dominant, and widest-spreading temperate forms in-
vaded the equatorlal lowlands. The inhabitants of these hot
lowlands would at the same time have migrated to the tropical
-and subtropicalregions of the south; for the sonthern hemisphere
was at this period warmer. On the decline of the Glacial period,
as both hemispheres gradually recovered their former tempera-
tures, the northern temperate forms living on the lowlands
under the equator would have been driven to their former homes
or bave been destroyed, being replaced by the equatorial forms
returning from the south. Some, however, of the northern tem-
perate forms would almost certainly have ascended any adjoining
high land, where, if sufficiently lofty, they would have long sur-
vived like the Arctic forms on the mountains of Europe.”

“In the regular course of events the southern hemisphere
would in its turn be subjected to a severe glacial period, with
the northern hemisphere rendered warmer; and then the south-
ern temperate forms would invade the equatorial lowlands. The
northern forms which had before been left on the mountains
would now descend and mingle with the southern forms. These
latter, when the warmth returned, would return to their former
homes, leaving some few species on the mountains, and carrying
southward with them some of the northern temperate forms
which had descended from their mountain fastnesses. © Thus
we should have some few species identically the same in the
northern and southern temperate zones and on the mountains
of the intermediate tropical regions.” (P. 339, sixth edition.)

Additional light is cast on this subject by the results already
stated 1n regard to the enormous extent to which the tempera-
ture of the equator is affected by ocean-currents. Were there
" no transference of heat from equatorial to temperate and polar
regions, the temperature of the equator, as has been remarked,
would probably be about 55 degrees warmer than at present. In
| such a case no plant existing on the face of the globe could live
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at the equator unless on some elevated mountain-region. On
the other hand, were the quantity of warm water which is being
transferred from the equator to be very much increased, the tem-
perature of intertropical latitudes might be so lowered as easily to _
admit of temperate species of plants growing at the equator. A
lowering of the temperature at the equator some 20 or 30 degrees
1s all that would be required; and only a moderate increase in
the volume of the currents proceeding from the equator, taken in
connexion with the effects flowing from the following considera-
tions, might suffice to produce that result. During the Glacial |
epoch, when the one hemisphere was under ice and the other
enjoying a warm and equable climate, the medial line between |
the trades may have been shifted to almost the tropical line of
the warm hemisphere. Under such a condition of things the
warmest part would probably be somewhere about the tropic of
the warm hemisphere, and not, as now, at the equator; for since
all, or nearly all, the surface-water of the equator would then be
impelled over to the warm hemisphere, the tropical regions of
that hemisphere would be receiving nearly double their present
amount of warm water.

Again, as the equatorial current at this time would be shifted
towards the tropic of the warm hemisphere, the surface-water
would not, as at present, be flowing in equatorial regions parallel
to the equator, but obliquely across it from the cold to the warm
hemisphere. This of itself would tend greatly to lower the -
temperature of the equator.

It follows, therefore, as a necessary consequence, that during '
the glacial epoch, when the one hemisphere was under snow and
ice and the other enjoying a warm and equable climate, the tem-
perature of the equator would be lower than at present. But
when the glaciated hemisphere (which we may assume to be the
northern) began to grow warmer and the climate of the southern
or warm hemisphere to get colder, the medial line of the trades
and the equatorial currents of the ocean also would begin to
move back from the southern tropic towards the equator. This
would cause the temperature of the equator to rise and to con-
tinue rising until the equatorial currents reached their normal
position. When the snow began to accumulate on the southern
hemisphere and to disappear on the northern, the medial line of
the trades and the equatorial currents of the ocean would then
begin to move towards the northern tropic as they had formerly
towards the southern. The temperature of the equator would '’
then again begin to sink, and continue to do so until the gla-
ciation of the southern hemisphere reached its maximum. This
oscillation of the line of maximum temperature to and fro across
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the equator would continue so long as the alternate glaciation
of the two hemispheres continued.

This lowering of the temperature of the equator during the
severest part of the glacial epoch will help to explain the former
existence of glaciers In intertropical regions at no very great
elevation above the sea-level, evidence of which appears recently
to have been found by Mr. Belt and others.

XXIV. On the Number and Weight of the Molecules of Ather
contained in Electric Conductors. By HeErMANN HErwiG*.

IN the following I will briefly indicate a way in which, cer-
tain hypotheses presupposed, very remarkable explanatlons
of the relations of the sether might possibly be reached.

I start from the comparison “of the expressions, on the one
hand, for the thermal effect of a galvanic current, and, on the
other hand, for the wis viva represented therein at any moment
by the motion of the electric particles. I may mention before-
hand that it 1s quite immaterial of what kind we suppose the
motion of the electrical masses to be. Even a not uniform,
somehow oscillating motion would only introduce into the cal-
culation additional simple factors which would be quite insigni-
ficant for the final result. Such motions will therefore be left
out of consideration.

- This presupposed, and holding fast the notion of only one
fluid, let e be, in electrostatic measure, the quantity of electricity
in motion in 1 millim. length of the conductor, and v its velo-
city, the unit of time being the second. Then, in mechanical
measure, the current-intensity is ev. If, further, also expressed
in mechanical measure, R is the resistance of 1 millim. of the
conductor, and It millim. the length of the latter, in it there is
produced in 1 second, according to Joule’s law, a quantity of
heat which has in mechanical measure the expression

PR T

The motion of the electric masses in this current represents a
permanently constant vis vive of the magnitude

Le 2
n 2’ _
where the masses are reckoned in the usual weights; therefore

(IL.)

;z signifies the quantity of electricity in milligrammes in the unit

of length.

* Translated from a separate impression, communicated by the Author,
from Poggendorff’s Annalen, vol. cl. pp. 381-385.





