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determination by means of observations of the thickness and rate of movement of the
ice sheet at' its periphery. .

If it were possible to measure the degree to which the surrounding ocean was
cooled by the flow of ice- and the drift snow carried into it from the continent, that also
would give a measure of the total precipitation.

Finally, if one knew the amount o.f moisture carried' by air currents flowing
respectively inwards and outw~rds across the .borders of the continent and either their
speeds or the average period for which the· air layover the land, the precipitation
could be determined.

It seems to the writer that the last method is the most promising. The annual
variation of temperature over the ocean off the Antarctic coast is very small. The
temperature of the sea surface is kept approximately at the melting point of salt water,
say 28'5° F. The mean temperature of the air is unlikely to differ greatly from that.
It will be assumed that the relatively warm .and moist air from the north crosses the
Antarctic coast line at a temperature of 32° F. By coast ,line is here meant the edge
of the practically continuous sheet of ice covering the region. This edge may be the
true coast, a barrier-ice edge; or the edge of the pack ice where it is permanently
almost c()ntinuous with the coast. We shall further assume, first that in 20 days, 'on
the average, enough of the moist air will have passed over the perimeter to flood the
whole continent and, finally, that before returning to the coast all the water vapour
in the lowest two kilometres will be precipitated. The first of these assumptions can
only be a very rough approximation to the truth but is probably of the right order.
The .moist air would be raised tJrrough being forced up by both the cold air over the '
continent and the continent itself. The latter rises rapidly from the coast in most
parts and the highest part ,is above 3 kIll. The average rise of the warm air is likely to
exceed 2 km. but the effectiveness of an uplift for producing precipitation decreases
with the altitude. In rising to such a height, the air would lose a large part of its tota1
water content. The estimate that it would lose the ~quivalent of all the water vapour
in the lowest two kilometres seems reasonable. ' According to computations by Simpson
in "Some Studies in Terrestrial Radiation" (Memoirs of the Royal Meteorological
Society, Vol. II, No. 16), this would equal 4 mm. of precipitable water. The humidities
used by Simpson in the layers concerned would vary from about 68 per centat the
bottom to 58 per cent at the top. These are probably much too low for conditions over
the Southern Ocean, so we shall assume that the precipitation is equivalent t05 mm.
of rain. This is the average amount in 20 days. In the ye~r it would amount to about
90 mm. or 3'6 inches. The falls would, of course, be much heavier on the rim of the
continent than at the Pole. The assumptions made would involve a mean poleward
vel6city of the moist air across the perimeter of the Antarctic of about 1'5 miles per hour.
Actually, the flow would have to be greater than this since some of the air entering the
continent would be returning after only a short excursion northward which would not
give it time to. lose the amount of moisture nor reach the temperature postulated.

The above calculation is of the roughest nature. Some dayit m~y be possible
to make it fairly precise,'but with our pre.sent knowledge it is not worth while attempting
anything more refined.' Evaporation ana reprecipitationover the ice sheet is neglected
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but is probably slight. If one considers the problem on these lines, however, it is difficult
to image that the average precipitation at the Pole can amount to as much as 2.inches
per annum.

3.-THE RADIATION BALANCE.

The principal featme of the contribution of the Antarctic to the radiation balance
on the atmosphere arises from the fac~ that the snow covered surface must reflect back
approximately three quarters of the incident solar radiation unchanged. The
constituents of the atmosphere absorb only a small fraction of the relatively short-wave
radiation. At the same time, the snow surface radiates practically as a black body at

.. the temperatures occurring at the smface of the Earth. A smface of bare land or of
water, though it would radiate he·at equally at the same temperature as the snow
surface would· absorb much inore of the incident solar ra::liation. The Antarctic
Continent with its attached ice masses is a much more efficient refrigerator than would
be a bare land or water surface in the same latitudes and conditions. This is a well­
known fact and has been frequently discussed. At the same time, the Antarctic
Continent with its high interior, its fair)y symmetrical distribution about the Pole, and
with an immense ocean smrounding it, is ideally situated for communicating its cooling
effects to'lower latitudes. In the Northern Hemisphere, there is no such large area
covered with permanent snow, and the access of ocean waters to the polar regions is
much more restricted. Antarctica. is, therefore, generally held responsible for the
Southern Hemisphere being colder than the Northern. If it were to become desiccated,
to sink below the ocean surface, or to migrate to lower latitudes, therefore, the
temperatme of the Southern Hemisphere, and indeed ofthe world, might rise..

But though the above arguments are qualitatively sound, we are liot able to
.evaluate them quantitatively, and their importance can certainly be exaggerated. Thus
the reflecting power of clouds for solar radiation is approximately equal to that of a
snow sllrface and the average amount of cloud over a large part of the Southern Ocean
is over 8 tenths. . Thus the difference between the proportions reflected from Antarctica
and from the surrounding ocean is not so great as might, at first sight, be supposed.
]?mthermore, owing to the great average height of the Antarctic Continent, the altitude
from which the reflection takes place is probably not very different in the two cases.
Again, the cloud smfaces also give out practically the same amount of radiation as a
black body at their temperatmes. The snow surface, OWil~g to the absence of conduction
and convection beneath it, cools to a lower temperature than would a cloud surface at
the same height. The amount of outgoing radiation would consequently. be less.. This,
therefore, may be a factor in reducing the efficiency of the ·Antarctic as a refrigerator.

_ Then, by its mere bulk it greatly reduces the mass of ail' that can collect in the polar
regions. It docs not seem to the 'writer that we are yet able to calculate, even
approximately, the effect of the Antarctic Continent on the heat balance 'of the
atmosphere, still less what would be the effect of possible changes in conditions there.
All such radiation problems are immensely complicated by the wide variations in· the
amount and state of the water substance"in the atmosphere in both time and space;
When to the other difficulties is added the fundamental one that the radiative properties
of water vapom are quite inadequately known, it is not surprising to find that sol.utions
I?f these problerns are, at present, only very approximate. The processes in the very
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high levels of the atmosphere, though exercising _a relatively unimportant role in the
immediate balance of radiation may in the long run become very important.

From what has been said in earlier chapters regarding the small annual variation
of temperature over the Southern Ocean, and bearing in mind the free radiation from
water vapour and the upper surfaces of clouds, it seems clear that the variations at
nigh levels in the' atmosphere must be greater than at the surface. From this the
writer has argued that the tropopause must be higher in winter than in summer. The
stratosphere is likely, also, to be colder.

Tho rate at which the snow surface cools by radiation and the low temperatures'
sometimes reached, indicate that the effective temperature of the superincumbent space
must be very low. The amount of water vapour above it, therefore, must be very small,
especially in: the stratosphere. This is important in connection with theories as to
processes in the ionosphere.

4.-THE INFLUENOE OF THE ANTAROTIC ON THE CLIMATES OF

OTHER PARTS OF THE VVORLD.

The above subject is bound up with that in the preceding section and has already
been. discussed to some extent. The Antarctic must obviously exert a great cooling
effect on the Southern Hemisphere and, hence on the world: It cools both the air and
the ocean. Cold deep currents from the Antarctic extend into the Northern Hemisphere.
Furthermore, in its ice covering, the continent has an enormous reservoir of cold which
must' tend towards stabilizing the existing climatic regime. If the land were removed
and the Antarctic were covered by ocean, the resulting field of pack ice about the Pole
might be smaller in extent than the present size of Antarctica and the pack ice
surrounding it. The surface temperature would almost· certainly be higher on the
average. There would be greater evapora~ion. The amount of solar radiation absorbed,
as suggested in the previous section; may, however, not be muc~ greater. The higher
surface temperatures may lead to greater loss of heat by radiation. The increased
amount of water- vapour may work in the same direction. There are two aspects of
such a change in the land distribution to be considered. .First, there is the effect :m

.the climate of the polar regions themselves, and second, on that of the rest of the world.
If the Antarctic were covered by ocean, its own climate would almost· certainly be
milder, as is that of the Arctic today. But its cooling effect on the whole atmosphere
might possibly be increased. It is difficult to say what would be the net effect on
the general circulation.

As regards temperate latitudes, it does not seem to the writer that sufficient
consideration is given to the difference between the effects, on the climate of the world,
of the land masses of temperate latitudes in the Northern Henllsphere and the ocean
in those of the Southern. Too much attention is concentrated on the cold areas on the
eastern sides of the continents. The most important- effect of the continents on the
thermal structure of the atmosphere and the general circulation appears to the writer
to be the reduction in the amount of water vapour supplied by evaporation. It is
suggested that the lower' mean temperature of the Southern Hemisphere is ·due to the
higher humidity of the atmosphere, which leads to a more active circulation and- a freer
loss of heat by radiation. .
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'It has been argued by many that the most important factor in the production
of an extension of glaciation such as occurred in Pleistocene' times would be an 'increase'
in precipitation and this is more likely to be produced by an increase rather than a
decrease of temperature. This argument has been especially elaborated' by Sir George
Simpson who assumes that the increase of temperature is brought about by an increase
of solar radiation. See, for example, his paper on "World Climates during the
Quaternary Period" in the Quarterly Journal ofthe Royal Meteorological Society, Vol.
60, No: 257, October, 1934. It would no. doub't be generally admitted that where
snow now accumulates and glaciers form, an increase in the amount of precipitation
would result in an extension of the glaciation. But the extent to which this could
stand an increase of temperature is very difficult to determine. 'There must, of course,
be an equator~ard lim:it beyond which an increase of precipitation' with the' same
proportions of rain and ~now as at present certainly could not lead to increased average
accumulation of snow. In New Zealand, where in the Southern Alps, which have a ­

.very high precipitati?l(, glaciers reach alniost to sea level in latitudes between 43° S
and 46° S, the importance of the amount of precipitation seems to' be confinned.
Again, the Kaikouras, in latitude 42° S about;' whicl~ rise almost to 9,000 feet but
which have a much smaller precipitation tha~ the Southern Alps', have no permanent
snowfield and show few signs 'of previous glaciation. 'The glaciers which have been
mentioned, however, rise in the highest parts of the Southern Alps where there are many

.peaks rising to over 9,000 feet and the maximum height is over 12,000 feet. Except
on the narrow glaciers themselves, there is no permanent snow belo\v 7,000 feet (2km.).
That is, the permanent snow is-confined, practicaliy, to heights at which the mean
temperature is' below freezing point. This height is well above that of maximum
precipitation; which in New Zealand, according to the evidence available is below 4,000
feet. Again, the accumulation of snow in the Southern Alps is much more rapid in
July than in October, though there in little difference in precipitation. There is little
doubt, too, that the total aCClunuhition is less in October than in July or August. All,
these facts point to 'the great importance of temperature, and the proportion of
precipitation falling in the solid form, rather thali the total amount of precipitation..

In the North Island of New Zealand on Mt. Egmont, which has an extremely
heavy 'precipitation, the snow is reduced annually to very small proportions and
occasionally disappears entirely, except for that collected in the hollow of the crater
at the summit: There is not even a rudimentary glacier. Mt. Egmont is 8,260 feet
high and the annual rainfall at the 3,000 feet level on its eastern side is approximately
aOO.inches. One cannot believe that it is dearth of precipitation that is the reason for
the lack of glaciers here.' Still less likely does it seem that an iilcrease of precipitation
accompanied by a rise of. temperature could produce glaciation. The collecting area
is certainly small. To the eastward is Mt. Ruapehu which, though it has a much smaller
rainfall has a rather larger collecting area and is further inland. Mt.. Ruapehu is 9,000
feet high and has a permanent snowfield. with two rudimentary glaciers. On the
nearby 'cone of Ngauruhoe, ·7,500 feet, there is no permanent snow. In Tasmania,
where there is a.large collecting field at an altitude of between 3,000 and 5,000 feet the
western- portion 'of which ·has a rainfall of over 100 inches, there is no permanent,
~llowfi(l](1 ;rasmania's mean latitude is rather over 42° S.
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In the.so-called sub-Antarctic islands of New Zealand, including the Auckland
and Campbell Islands, there is nothing approaching a p~rmanent snowfield. Even at
Macquarie Island in latitude 54° 30' S to 54° 50' S, the summit of which rises somewhat
above 1,000 feet, the same is the case. The meantemperatur~would nowhere approach
freezing point: All. these islands carried glaciers in the Pleistocene. Precipitation
is very frequent and averages about 50 inches per annum. Both humidIty and cl~udiness '
are very high. Conditions, except the high winds and the small area of the islands,
favour the preservation of a snow-covering. Kerguelen, though in lower latitudes than
Macquarie Island has'lower temperatures. The summit of its ~ighest peak rises above
6,000 feet but it. has permanent snowfields extending to bel~w 4,000 feet. On tl;Le
west coast glaciers descend to the sea. Condition~ are more favour~ble 'for the develop­
ment of glaciation than at Macquarie Island in that the altitude, the collecting area,
and the precipitation, at any rate on the western side, are all greater. The state of
glaciation, appears, however, to correspond fairly closely with that at altitudes having
corresponding temperatures in the Southern Alps in New Zealand. Similar remarks
apply to Heard Island and the Crozets. Conditions are not quite the same in any two
of the island groups, so that comparison is, difficult, but so long as the. precipitation
exceeds a certain value, which doubtless varies inversely a~ the latitude" the degree of
glaciation appears to depend almost entirely on the temperature.

It is very difficult to imagine that the Souther!). Ocean could, not cope with any'
increase in the amount of ice produced· by an increase of precipitation resulting from
higher temperatures. The 'greater melting power is likely more than to counterbalance
the increased. ice formation and snow deposition.

"

. . So far as Australia, New Zealand, and the .southern islands. are concerned,
therefore, the writer is convinced that a marked fall of temperature would be necessary
to produce the conditions at.the maxima of glaciation in Pleistocene times.

, ,

I~ the Antarctic conditions are different. " The temperature is continuously below
freezing point so that any increase in precipitation means a larger amount of snow
deposited. If it were accompanied by a rise of temperature, however, the area' of
pack ice off·the coast is likely to be r~duced. This would .le~d to an increase in the
katabatic winds and consequent increased ablation. On the other hand, if with lower
temperatures the continent collected a permanent fringe of sea ice, the ablation would
be much reduced. It is, therefore, difficult to estimate what the net effect of changes
would be. It would seem to require a very low precipitation indeed to produce ar
extensive dry desert of bare land or a "cold interglacial" in polar latitudes. Otherwis(
it is very' difficult to imagine how conditions of extreme glaciation can .be maintainec
in the centre of the high and very extensive Antarctic Plateau where the precipitation
must be very low. ..' ,

A class of theory of climatic change which probably lias more adherents at
present than that developed by Sir George Simpson, and one which, in vario)1s forms,
has' been popular for over half a century, is the "Astronomi9al Th~Qry.:' This type of
theory ascribes past changes of climate principally to changes. of the inclination of. the
Earth's axis to the plane of its orbit and of the eccentricity. of the.orbit, Th~ advantage
of this theory is that the astronomical, ch~nges are pe:riodi9 and can lje.calcUlated with
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considerable accuracy: The most authoritative recent discussion of the basis of the
astronomical theory is that given by Milankovitch iIi Koppen and Geiger's .Handbuch
der Klimatolog'ie, Band I, Teil A, under the title of "Mathematische Klimalehre und
Astronomishe ~Theorie der Klimaschwankungen." It is 'not proposed, to discuss here
Milankovitch's treatment of the radiation problem to which a number of serious
objections can be taken. For example, he treats the atmosphere as a grey body, the
absorption of solar radiation is taken as being proportional to the amount of atmosphere

..traversed, the reflection of solar radiation by the :Earth and the atmosphere is treated
as if it all took place at the Earth's surface, the atmosphere is assumed to be still, and the
calculations are all for a land-surface or a land surface covered by ice. The cumulative
effects of all these simplifications on the accuracy of the calculations must be very
serious. The last one is particularly important when applying the theory to the
Southern Hemisphere where so large a proportion of the surface is ocean. The theory
is based principally on the effect of variations in the latitudinal distribution, 'mainly
in high latitudes. From: these variations are deduced corresponding ones in temperature.
The general circulation of the atmosphere would tend to reduce very much the
calculated temperature differences. In the Southern Hemisphere, also, the radiation
changes would be very much less effective in high latitude$ owing to the high degree of
cloudiness. A very large fraction of the solar radiation is reflected back unchanged
from the clouds of the Southern Ocean and ~he snow of the Antarctic Continent.
Miiankovitch's theory depends very largely, too, on the assumption that the effective
factor ill causing the accumulation of snow and ice is a cool summer. This can scarcely
be very important, however, in the Antarctic· where the temperature is well below
freezing point all the year round. In temperate, and probably also, Antarctic regions
of the Southern Hemisphere, too, precipitation is heaviest in winter so that summer
temperatures are relatively -less important than in many parts of the Northern
Hemisphere, for example, in Switzerland, for the accumulation of snow. The annual

.variation of temperature over the Southern Ocean is very small. It is to be-remembered,
also, that the total radiation received by' a hemisphere changes very little owing to the
astronomical causes considered. Milankovitch's theories do not seem to account for
the Pleistocene glaciation of the small sub-Antarctic Islands of New Zealand, nor for
any considerable fluctuation in the glaciation in Antarctica. Another difficulty with
regard to the theory is that it does not give simultaneous glaciation in the two
hemispheres.

During the past 50 years there has been a marked retreat of glaciers in practically
all parts of'the world in which they' occur. This retreat has not been explained by
meteorologists and until we can do this, claims to accounting for ice ages are likely to
continue to prove unconvincing. to geologists and others. .

5.-THE DISTRIBUTION OF PRESSURE AND TEMPERATURE

AND ITS ANNUAL VARIATIONS.

Figures 29 and 30 are intended to indicate the general nature of the distribution
of pressure and temperature in the region extending from 35°-8 to 80° S in the area
extending southward from Australia and New Zealand. Conditions actually differ, of
course, frOill' n:-eridian to meridian and, over large areas, are far from being well-known,
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so that no great accuracy is claimed. .The pressure data are intended [to refer to
exposures little affected by the presence of land. The rise of pre[slure' along the

.Antarctic coast, for example, is largely neglected, the conditions res~m~ling more those
over the Ross Sea and the Great Barrier. Similarly for temp~ratUre the .distribution
is such as might be found in the temperate latitudes on ~rhall islands and in the
Antarctic in places where the surface inversion was not s§ongly marked.

. Figure 29 shows in' the north. an annual va;1do~ of pressure with two
approximately equal maxima' at the end of March and in September, respectively.
Proceeding southward the second maximumbeconfes earlier and gradually disappears.
There is a steep southward gradient in temwrate latitudes in spring, especially October.
In the Antarctic there is rapid increase of pr~sflure in the latter part of October and the
early part of November prior to the rise to ~he maximum in December. '. The pressure
thus changes, in December, from being near the principal minimum in low latitudes to
being at a marked maximum'in the Antarcpic.

. The temperature h'asa fairly ~imp!e'~a~ual variation in low latitudes with a
moderate amplitude. The southward gradient is slight. Over the Southern Ocean,
the gradient increases, while th:e annual variation becomes slight with a flat minimum
in winter. In the south the annual variation becomes large, owing to the predominance
of a snow or ice surface. The winter-minimum is still flat, but decreases in width ·as the
latitude increases. Gradients are very slight'in summer in the Antarctic.
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