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~vidence of (at least) five rapid hemispheric coolings of about 5°C during the last
10 yr has been found, each event spread over not more than about a century, as examples
of a global-scale cli:natic intransitivity. Only some of them lead to a complete glaciation
a.t the no:t~er~, contme~ts, others ended .after a fe:v centuries by a sudden warming ("abor
glaciation ). Startmg from a modified verSIOn of Wilson's hypoth('sis of Antarctic
ICe ,surges, an air-sea interaction model with realistic geophysical parameters is outlined
t~ mterpret the sudden initiation of the North American ice sheet. Special attention is
glven to the A:la~tic section, where t~e climatic anomalies during the last glaciation appear
to have been slglllficantly larger than In other sections.
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1. INTRODUCTION
In a recent symposium (Kukla et ai.,
1972; Kukla and Matthews, 1972), several
well-known Pleistocene specialists dis.:
cussed the question: When will the present
Interglacial end? A few results will be
considered here from a meteorological
viewpoint.
(a) Since about 1945 global cooling, on
a scale of ,..., O.Ol°C/yr, has reversed the
warming trend of the first decades of our
century. The bulk of these change'S is most
probably not man-made, but of natural ori
gin. Evidence exists for several short cool
periods during the last 5000 yr, as well as
for catastrophic dry p(·riods in subtropical
areas lasting a few decades. None of these
variations are comparable in scale with the
Allerpd fluctuations (Chap. IV).
(b) The climatic optimum of the present
interglacial was reached 6-7000 y.a. Evi
dence from Northern Germany and En
gland shows that the last interglacial
(Eem = Sangamon) lasted little more than
1 Dept.
of Meteorology, University of Bonn,
Federal Republic of Germany.

10,000 yr; it was slightly warmer and
wetter than the present interglacial, with
a quite similar climatic time sequence.
(c) Based on more than 800 measure
ments of the 18 0/160 ratio from fossil
foraminifera, it has been concluded (Emili
ani, 1972) that the tropical ocean surface
temperatures were as high as or higher than
today for only 1070 of the last 400,000 yr.
Considering the length of a glacial-inter
glacial cycle to be nearly 105 yr (Broecker
and van Donk, 1970) the average duration
of a warm epoch cannot have been longer
than 104 yr.
(d) A large majority of the participants
of the symposium concluded that the pres
ent warm epoch has reached its final phase,
and that-disregarding possible man-made
effects-the natural end of this interglacial
epoch is "undoubtedly near." The time
scale of this transition may be a few mil
lenia, perhaps only centuries.
If this is correct, earth scientists are eon
fronted with a hitherto neglected ques
tion: What are the initial stages of a
glaciation? How can we imagine the trig
gering of the formation of ice sheets on the
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northern continents eventually covering
about 17 X 10" km 2 in North America and
nearly l1 X 10" km 2 in Eurasia, with ice
domes up to 3 or 4 km in height, thus re
ducing the ocean volume by about 451"0, with
a eustatic sinking of the sea level to -100
m, sometimes to -130 m? This question
is not only of academic interest: its imme
diaey will be demonstrated in the following
chapters.
II. STABILITY OR INSTABILITY
OF CLIMATE?
E. Lorenz (1968) has recently raised a
quite deep-rooted question: How stable is
our climate? Considering a complete set of
basic equations with fixed external parame
ters-such as the solar "constant," the rota
tion rate and radius of the Earth, and the
chemical composition of the atmo
sphere~as a base for simulating the cli
mate defined as a time-averaged state of
the atmosphere, he discusses the number of
possible solutions. Climate is then defined
as transdhJe if only one solution exists. One
may also perceive several more or less
quasistationary different solutions, which
may transform from one state into another
by a sort of flip-flop mechanism ("vacilla
tion"): this situation is defined as intran
.~itive. Without discussing at length evi
dence for and against, Lorenz considers our
climate as semiintranS1:t?:ve.
If this is true, we cannot expect to obtain
from mathematical modeling unambiguous
forecasts of climatic patterns. Simplified
models with a crude parameterization of
synoptic-scale meridional exchange pro
cesses--such as the models developed by
(1969,
Budyko
(1969)
and Sellers
1973}-showed either a great sensitivity to
comparatively small changes of external
conditions or (worse than that) distinct in
transitivity under exactly the same condi
tions. In contrast to this, Washington
(1972) demonstrated on the base of the
much more advanced NCAR circulation
model that the response of the model to
different and even contrasting externally

induced disturbances was nearly identical.
This state of affairs-incomplete as it
stands now-is seriously disquieting.
Therefore, one of the most urgent tasks is
a careful and critical search for evidence
of climatic instability on a hemispheric or,
better, global scale.
Examples of partial (regional) insta
bility have been given elsewhere (Flohn,
19i3). The best example is known from the
equatorial Pacific, where the oceanic Ek
man drift causes either equatorial up
welling or downwelling, depending on the
surface wind distribution, and causing in
the atmosphere either a stable, cloudless
and dry equatorial zone or instahility near
the equator with high convective activity.
Apart from short transition periods, any in
termediate state cannot remain stable. Be
cause of the large attendant differences in
oceanic evaporation and precipitation,
these contrasting patterns are correlated
with many teleconnections over wide areas
of the globe (Bjerknes, 1969; Flohn, 1972;
Rowutree, 1972).
III. THE ROLE OF SURFACE
ALBEDO
Within the heat budget of the Earth's
surface, the high albedo of ice and snow
(0.70-0.80)-in contrast to all other sur
faces, except clouds, (0.0.5-0.35) -dom
inates most other terms. During winter the
tropospheric baroclinic zones have a ten
dency to follow the margins of the seasonal
continental snow-cover; this has been ex
perienced by the author during the Euro
pean winters between 1938 and 1948. In
spite of all vagaries of weather, such a pat
tern remains superimposed in a statistical
sense.
There exists (Manabe and Wetherald,
1967) a direct relation between surface
albedo and an equilibrium temperature
(Table 1), assuming constant relative hu
midity and an average cloud distribution.
This relation can be checked against data
on the varying extent of the Arctic and
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TABLE 1
SURFACE
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-0.60
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-4.6 } Ice age
-6.2
(sea level -100 m)
-7.6
Wilson surge

.....

Antarctic sea-ice during the 19th and 20th
centuries (Flohn, 1973). The observed de
crease of the Arctic sea-ice from about 1880
to 1940 and the estimated increase of the
Antarctic sea-ice during the 19th century
(Lamb, 1967), both of the order of nearly
2 or 3 X 106 km2, should correlate with
changes in the hemispheric equilibrium
temperature of the order of 0.6-0.9 0 0, in
good agreement with the observed data
(Table 1, :\fodels SH 0 and NH 0).
A further check can be derived from the
last glaciation, with a glaciated eontinental
area of 49 X 10" km2, accompanied by a
eustatic drop of the sea level to -100 m,
increasing the land area of the Earth from
149 to about 163 X 106 km z. In this case
(Model E 4) the equilibrium temperature
of the whole Earth should be 4-5°0 lower
than today, once more in agreement with
the observed data. There is sufficient evi
dence that the Atlantic sea-ice reacl'ed,
during the maximum of the last glaciation,
an average latitude of about 43° N CMc
Intyre et al., 1972). Its extension into the
Bay of Biscay must also be assumed when
interpreting the exceptional cooling of the
adjacent territories (from northern Spain
to southern Ireland) by about 12°0, com
pared with only 5°C at the same latitudes
at the Pacific coast of North America
(Flohn, 1969). In this case the area covered
by sea-ice increases to about 40 X 106 km 2

with a simultaneous global temperature
drop of 6°0 (Model E 5).
The good agreement between the pre
dicted and observed equilibrium tempera
tUres convinces us that the role of the
albedo in the long-term climatic oscilla
tions during the Pleistocene is certainly
greater than that of variations of solar ra
diation due to the Earth's orbital elements
(Hoinkes, 1971). It should be remembered
that this point was raised as early as 1938
(Wundt, 1938) ; numerical model computa
tions of the climatic effects of the Milan
kovich mechanism neglecting the positive
feedback effect of albedo changes are in
complete. The role of surface albedo has
also been demonstrated (Kukla and Kukla,
1972) from seasonal and interannual
changes of the snow-cover. The existence
of a quasiequilibrium between area
averaged surface temperature and area
averaged surface albedo (Flohn, 1969)
leads to a serious consequence: if a cli
mate-independent mechanism producing
variations of the extension of ice exists--as
suggested by A. T. Wilson (1964)-the
usual chain of cause and effect may be re
versed: large-scale Antarctic surges will
produce immediate hemispheric cooling
(Model SH 3). This necessitates a critical
investigation of the real time-scale of Pleis
tocene coolings, which appears to be incon
sistent with the Milankovich time-scale.
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IV. TIME-SCALE OF GLOBAL
COOLINGS
Based on investigations of ice cores,
ocean bottom cores, and fossil peat bogs,
several drastic coolings during the last 10"
yr have recently been revealed. Some of
these, with multiple evidence, will be re
viewed in stratigraphic sequence, ignoring
some inevitable minor differences of time
and time sequence interpretation in the
literature.
(1) During the recession of the last gla
ciation, the well-known sequence B¢lling in
terstadial (warm}-Older Dryas (colen-AI
ler¢d interstadial (warm)-Younger Dryas
(cold) covered less than 2000 yr, with vari
ation in the annual temperature of up to
6°C (Mercer, 1969). In the Mediterranean
and at other subtropical and tropical sites
only the second half of the sequence was
marked, and the Older Dryas period was
insignificant (van der Hammen et al., 1971,
Fig. 2). The Alleryld warming period coin
cides with the abrupt global environmental
change after the Wiirm-Wisconsin Glaci
ation, occurring at about 11,000 BP in the
space of a few centuries, while the melting
of the ice domes-reflected in the global
eustatic sea level rise-lasted some 8000 yr.
This time s(>quence has been derived
mainly from palynological evidence, ham
pered by the limited migration speed of
biotopes. On the otllt'r hand, the isotopic
changes preserved in the Greenland icc cap
represent largely-<iisregarding here some
systematic sources of error (Johnson et al.,
1972; Dansgaard et al., 1971)--the tem
perature of formation of precipitation par
ticles in clouds, i.e., the regional climate.
Here (Johnson et al., 1972, Fig. 6) the cool
ing prior to the younger Dryas lasted less
than 350 yr; the following warming, 300
yr. However, simultaneity of the climatic
changes on both sides of the Atlantic has
been doubted (Mercer, 1969),
(2) Before the last long warm inter
stadial within the Wiirm-Wisconsin Glaci
ation (Fliri, 1970)-known as Still fried B

or Plum Point--a marked cold period of
not more than about 2000 yr duration oc
curred at about 38,000 BP. It has been
found in the Greenland ice core (Johnson
et at., 1972) as well as in the Indian Ocean
oft' the Somali Coast (4-8 0 N) (Olaussen
et al., 1971) ; here the time between the be
ginning of the event and the temperature
minimum is estimated to be not more than
about 500 yr.
(3) Another cold period of this magni
tude is also found in the Somali Current
Area, interpreted as the beginning of the
Wiirm I Glaciation at about 55,000 BP. It
coincides well with the marked cooling in
the Greenland core after the Odderade In
terstadial and in J\.{acedonia (van der
Hammen, 1971) around 59,000 BP.
(4) The short cooling between the Br¢ruJ1
and Odderade Interstadials, near 70,000
BP, is quite dramatic: In Macedonia the
vegetation changed from oak forest into
steppe in much less than 1000 yr. It coin
cides with a marked cold period in the
Greenland area, while in the Indian Ocean
(Olaussen et al., 1971) only a hint has been
found. At the same time, a short intense
cooling has been observed (Sancetta et al.,
1972) in an Atlantic deep-sea core at 52°
N 22° W.
(5) The most dramatic short-lived cool
ing event was observed (Fig. 1) in the
Greenland ice at about 89,000 BP (all
Greenland dates before 12,000 BP are
slightly uncertain), Here the climate
changed within 100 yr ("almost instantane
ously") from warmer than today into full
glacial severity (Dansgaard et al., 1972),
This event has also been found in a stalag
mite in a French cave (Duplessy et al.,
1971) at 97,000 BP with a cooling of the
cave (1) by 3°C in a few centuries and an
extremely rapid cooling (in less than 350
yr) has been described in many cores from
the Gulf of :Mexico at 90,000 BP (Kennett
and Huddleston, 1972,) At the same time
the first strong cooling after the Eem Inter
glacial was observed in Macedonia and in
the Netherlands (van der Hammen, 1971) ;
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FIG. 1. Temperature variations at about 90,000 BP (see text). (a) '"0/'"0 mtio in Greenland
ice core (76 0 N). (b) "0/,"0 in a cave Ilear Orgnac (8. France). (e) Pereentage of cool weather
foraminifera from the Gulf of Mexico.

and multiple evidence exists for a sudden
sea level rise at the eastern coast of North
America and at Bermuda, possibly caused
by an Antarctic surge (Hollin, 1972).
These five events show coolings of the
order of up to 5°C/century in contrast to
not more than I°C/century in recent fluc
tuations. This rate is in fact a minimum
value hecau8e of the smoothing role of mo
lecular diffusion processes (Johnson et ai.,
1972). Of particular interest arc the events
in the area of the Somali Current (Olaussell
et al., 1971) which are far too short-lived
to be interpreted as caused by orbital
changes. Some other peaks, especially in the
Greenland ice core (Fig. 2), may be added
to this list, but (up to now) without sup
porting evidence from other sites.
Only one of these selected cases initiated,
in the northern hemisphere, a continental
glaciation: this is the beginning of WUnn
I (case 3). If we assume a maximum glaci
ation of the northern continents (with a
volume of 47.4 X 10" km 3 and an area of
29 ..1 X lOG km", i.e., with an average thick
ness of 1610 m) as resulting from an aver
age annual accumulation of 40 em, the
growth period lasts ahout 4000 yr, and the
minimum duration of a full glaciation is
still of the order of 10,000 yr (Lamh and
vVoodroffe, 1970). During that time the 10

cal increase of alb('cio favors the per,,;istence
of glaciogenic conditions. The other four
cases represent only short-lived events,
with a glaciogenic anomaly of the atmo
spheric and/or oceanic circulation lasting
"only" a few centuries (case 5), certainly
less than 2-3000 yr. From the viewpoint of
a meteorologist, these incomplet.e or "abor
tive glaciations" are by no means less
interesting: they reveal a very remarkable
instability of the atmosphere-ocean-ice
system repeating nonperiodically over a
time-scale of the order of 2 X 10' yr.
In view of the rapidity of development
the initial stages must have lasted less than
a century, probably only a few decades.
What kind of atmosphere/ocean circulation
anomalies are able to produce such catas
trophic events? Any answer to this question
can only be more or less speculative; how
ever, it should never be unsound from the
viewpoint of an experienced meteorologist
specializing in physical and theoretical
clima tology.
V. CLIMATIC CONDITIONS OF THE

INITIAL STAGES OF A
GLACIATION
The evidence of such dramatic global
coolings with a quite short time-scale is of
high importance when discussing the initi
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FIG. 2. Greenland i,'e core VB corrected time scale (Dansgaard et aI., 1971), plotted in 200-yr
intervals, with tentative interpretation in European (right) and American (left) terminology.

ation of the glaciations of the northern con
tinents, i.e., of the Laurentide and Scandi
navian ice sheets. This initiation is in any
case a problem: while in Scandinavia a
spreading of the existing mountain glaciers
(Svartisen, Ji:itunheimen) could be caused
by a tem.perature drop of 5-6°C, without
any necessity' for a substantial increase of
precipitation, this is not the case in North
America. Here the Rocky Mountain Ice,
which expanded from the (at present heavily
glaeiated) high mountains in western Can
ada and southern Alaska, remained of me
dium size and never did extend far to the
east. The major glaciation of North
America was due to the Laurentide ice
sheet, which formed on the presently un
glaciated Ungava Plateau of Labrador and

Quebec (now at alt of 600-800 m, be
tween 53° and 60° N Jat) and even on
the low-lying Keewatin country west of
Hudson Bay, between 58° and 65° N. Only
during the maximum phase of the last gla
ciation were the two ice sheets joined.
Loewe (1971) has discussed the climatic
conditions in Ungava and Keewatin, and
concluded that a 6°C temp drop alone
would be insufficient to cause a permanent
snow-cover without an increase in total
precipitation (snowfall). Because of the
large extent of the Laurentian ice dome
(whieh contained more than 62% of the to
tal increase in ice volume during a glaci
ation), its formation must have a key posi
tion in the sequence of events.
The recent climate in Labrador-"Cugava

"""
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and Keewatin is characterized by summer
temperatures (.June-August) of 11-12°C
and by annual precipitation near 75-80 em
in Ungava but only about 35 cm in
Keewatin.
Barry et al. (1959) and Brinkmann and
Barry (1972) have investigated, by the
methods of synoptic e1imatology, the mete
orological conditions associated with high
precipitation in the Labrador-Ungava area
as well as in the Keewatin area, with differ
ent results. The formation of a nucleus of
the ice dome on the Labrador highlands,
with a temperature drop of Itbout 6°C to
gether with an increase of precipitation, is!
only possible for a semipermanent upper \
cold cyclone centered near 55° N 72° 'V
or a deep upper trough extending from
Baffin Bay or Ellesmere Island into the
area near Boston. In this situation low
level flow from N or N\V would per
manently cool the area, between about
long. 85° and 70° 'V, on the southern flank
of low-level cyclones which themselves ex
tended even farthrr rast. Above 700 mbar,
however, relatively warm and moist air
from the south would flow northward above
thc Labrador Peninsula, forced to ascend
along a more or less stationary frontal sur
face and causing ahun(lant precipitation,
most frequently as snow.
In a boreal subpolar climltte, the snow
melting process is not finished before latel
Mayor early .June, and the first snowfall/
may occur as early as the end of August!
or early September. Each glaciation muse
start with a permanent snow-cover lasting
during the summer; its high albedo (even
in a half-melted stage) prevents the soil
from storing heat. I f a snow-cover can sur-/
vive one summer with its high sunshine du
ration, the probability of a much higher I
snow-cover in the next year rises substan
tially; this is the beginning of a positive
feedback prace!:'s. A few consecutive years
of this type would be sufficient to build up
a snow-cover of several meters over the
whole Ungava plateau with an area of
about 60,000 km" above 600 m: then the

high surface albedo during summer will
prevent easy destruction, even if the large
scale flow-type changes.
Let us assume a 20% increase of precipi
tation to 90 cm/yr, a snowfall fraction of
80% of precipitation and a (high) snow
cover density of 0.3, we obtain an annual
snow accumulation of 240 cm (or 72
g/cm2). In a cloudy summer, the incoming
global radiation should be slightly reduced
1 gcal
to about 350 Ly/d (1 Langley
cm- 2 ) ; with a surface albedo of 55% (50)
and an effective terrestrial radiation of 120
Ly /ei (latitudinal average) we obtain a net
radiation of 38 (55) Ly/d. During a melt
ing season of 80 days, this would melt 38
(55) g/cm 2 snow; the remaining snow
cover would reach, with a density of 0.5,
a height of 68 (34) om at the beginning of
next winter. With an average (!) Lllbedo
of 45'10 or less, snow-cover would com
pletely melt. Under such assumptions, a 15
m tall forest could be eompletely covNed
by sno,v after some 22 yr (45), with a fur
ther rise of surface albedo. Cold air will
then be permanently produced near the sur
face, due to the combined effeds of high
albedo and long-wave radiation from the
snow-cover. This will lead, once a synoptic
scale diameter (300-500 km) is reached, to
the formation of a superimposed cold low,
which will force the upper flow to curve
cyclonically and \vill further enhance snow
falL Such a powerful positive feedback
mechanism is well known to the experi
enced metNologist; it was discussed half
a century ago by C. E. P. Brooks (1926).
It can be qualitatively interpreted with the
aid of the heat balance equation for an
atmospheric column:
H

I.;P

div

Ql -

div AI; - t.l.1'

=

0,

where (H = flux of Rensible heat into air,
LP = release of latent heat by precipi
tation, div QJ
divergence of radiative
fluxes, div An = divergence of advective
heat tranRport, and t.l.T heat storage in the
column). In high latitudeRI.F is not as pre
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dominant as in the tropics; above a snow
cover H is usually negative (from air to
surface) and div Ql is strongly negative,
thus AT is likely to represent a heat sink.
The geophysical causes of this initial
anomaly of the atmospheric circulation will
be discussed in Section VI. Here it may be
useful to outline the large-scale pattern
connected with a deep semipermanent
trough along 70° W, with a cold cyclonic
center above western Labrador. This causes
a meridionalization of the upper tropo
spheric flow, with anticyclonic ridges (and
frequent blocking highs) near 125° W (Ca
nadian NW-Territories) and 20° W (Ice
land) (Flohn, 1969; Lamb and Woodroffe,
1970). A secondary trough over Scandi
navia and Central Europe will develop near
15° E, together with a warm ridge in
50-70° E, including the mountains of Cen
tral Asia. The oeeurrcnee of a blocking high
just cast of Alaska leads to southerly flow
over Alaska itself, locally reducing the rate
of cooling. The frequent occurrence of a
blocking high between Iceland and Scot
land eauses northerly flow over Scandina
via and Central Europe, inereasing snow
fall and eooling. This in turn causes a
quasistationary pattern above Eastern
Europe (25-40° E) corresponding to that
above Labrador, with similar consequences,
starting on the eastern flank of the Seandi
navian mountains and in Finland. Such a
pattern is nowadays frequent in cold win
ters and springs; here it is visualized-quite
differently from today-as existing during
the climax of the warm season.
VI. ANTARCTIC SURGES AND
THEIR GEOPHYSICAL
CONSEQrrENCES
Since the observed short time-scale of
global cooling events (cf. Chap. IV) is in
consistent with orbital effects, we ought to
consider quite seriously the unorthodox
Antarctic Surge hypothesis of A. T. Wilson
(1964, 1966, 1969), based on the idea of a
large-scale instability of the Antarctic ice

dome. Since many recent examples of
mountain glacier surges are known, partic
ularly in the Alaskan mountains, and since
some physical properties of glacier ice are
subject to marked changes in the vicinity
of the melting point, this hypothesis ap
pears to be generally consistent with glacio
logical knowledge. Budd et al. (1970) have
developed a geophysical model of the Ant
arctic ice, mapping such quantities as ice
cap streamlines, balance flow velocities,
strain and basal heating rates, temperatures
and melt rates. One of the prerequisites of
a surge is basal melting, which has been
found at Byrd Station, 80° S 120° W at
a depth of 2164 m (Gow et al., 1968). How
ever, according to this modclless than 10%
of the recent Antarctic ice cap is now sub
ject to melting processes near the ground.
Aceording to Oswald anci Rohin (1973) 17
subice lakes have been discovered in East
Antarctica by radioecbo sounding flights, in
regions of high ice thicknel's (2800-4200 m)
and minimum velocity. Because of their
small size (diameter along flight path be
tween 2 and 15 km only), they cover, in
the area of maximum frequency (around
75° S 125 0 E), only 0.5% of the surface.
Wilson's hypothesis of simultaneous cir
cumpolar Antarctic surges in its original
form is hardly consistent with the rough
ness of the subglacial topography and with
the results of this model. We should expect
surges-not necessarily simultaneous-con
centrated around the present ice shelves:
the 'Veddell and Ross Ice shelves, and, to
a lesser degree, the Amery Ice shelf (ncar
70° E). In analogy to present conditions
the Weddell area should always have been
the most productive. From the viewpoint
of the heat budget and of the weather con
ditions in southern oceans, ·Wilson's as
sumption of a eontinuous quasipermanent
ice shelf around Antarctica with a size
of 20-30 X 106 km 2 is unrealistic and
unnecessary.
However, a surge spreading one-fourth or
one-third of the present mass of the Ant
arctic ice dome--that means a volume of
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6-10 X 106 km 3-more or less disintegrated
from the existing shelf zones into the ocean,
during a time-span of a few decades or even
centuries, does not seem too unrealistic.
Assuming an average thickness of 200 m
for tabular icebergs, a nearly simultaneous
outbreak of 6 X lOr; km a would produce an
ice-covered ocean area of 30 X 106 km 2
Cfable I, Model SH 3). One of the pre
requisites of such an event should be that
the height of the ice dome approaches the
highest mark on the ice-free mountains
(Hoinkes, 1961), which iwticates a further
growth of 2-300 m is required before the
next surge. (If the average positive mass
budget is assumed to be--at a maxi
mum 1--4 cm/yr (Sehwerdtfeger, 1970) a
growth of 200 m would need another 5000
yr; both figures, however, are crude
estima tes. )
Independently of the duration of the
surge, each outbreak of continental ice into
the ocean must lead to a significant rise of
the sea level; some evidence for such gla
cioeustatic rises has been found (Hollin,
1972). Assuming a mean density of 0.88 g
em-a, each surging volume of 106 km 3
should produce a eustatic rise of 2.44 m.
Then the first serious consequence of a
surge of the size assumed by Wilsoll (1964)
and Hollin (1972) would be a sea level rise
of the order of 15-25 m, most probably
spread over several decades; at any rate,
it would be catastrophic for the (tensely
populated coastal area, including all sea
ports. Denton et al· (1971) have given a
critical survey of the climatic and glacio
logical history of the Antarctic iee-sheets.
Evidence for and against the former oc
currence of large-scale surges is presented;
no really conclusive proof exists at this
time. Several height fluctuations of the ice
of East Antarctica are quite conspicuous;
they do not coincide with the northern
hemisphere glaciation (d. Hughes as quo~ed
in the Addendum, p. 401) ~ in spite of the
nearly parallel trend of temperature in both
hemispheres. If this is real, it can be taken
as a suggestion that short-lived large surges
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generally produce brief coolings, while the
largescale elimatic fluctuations are con
trolled by the long-lasting glaciations of
the northern hemisphere and their role in
the atmosphere-ocean heat budget.
The effect of an Antarctic surge of this
size on the oceanic heat budget depends
mainly on ice volume and temperature.
Even more important is the effect on sur
face albedo and thus on the atmospheric
heat budget: this depC'nds on the albedo of
and the area eovered by ice, regardless of
the degree of its disintegration. From the
Mamabe-Wetherald Model (1967) it can
be concluded that a surge of the size indi
cated by Wilson's hypothesis, with a sea-ice
area increase of 30 X lOfl km2, is equivalent
to a southern hemisphere temperature drop
of 7-8°C (Model SH 3).
South of the oceanic Antarctic Con
vergence-now situated at lat. 49-50 0 S in
the Atlantic and in the adjacent Indian
Ocean, and near 60 0 S in the Pacific-melt
ing of the surged ice will be quite slow, due
to the low surface temperatures of the sub
antarctic ocean (between 0 and +3°C).
Here the latent heat of melting plays only
an insignificant role; antarctic cold water
is permanently sinking and disappearing at
the Antarctic Convergence, feeding the sub
antarctic intermediate water at a depth of
500-2000 m (Fig. 3). Let us assume that
40% of the injected ice (1O~3 g water equiv)
melts :in this belt, consuming 32 X 10 22 gcal
in latent heat distributed over a 1000 In
deep ocean layer C- 3 X IOn cm 3 ) during
a period of 100 yr. If all other terms of the
heat budget remain constant (which is cer
tainly unrealistic), this melting would pro
duce an annual cooling of about 0.1 DC.
Thus the regional effect of an ice surge on
the heat budget of the subantarctic ocean
is only small and short-lived.
The other 60% of the injected ice is as
sumed to be driven across the Antarctic
Convergence into the warmer water on its
northern flank. Here it will be disintegrated
and melted much faster than before. Be
cause of the position of the Weddell
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FIG. 3. Meridional cross section of abyssal circulation and surface current.s of the Atlantic
Ocean. Legend; Sk-subtl'opical convergence; P-polar f!'Ont and Antarctic Convergence:
dashed-boundary between warm and cold layers; dotted-layer of zero current (simplified
after G. Wiist).

Sea-and in agreement with observations
during the 19th century (Lamb, 1967;
Schott, 1942) we may assume that 35% of
the total ice volume penetrates into the
narrow Atlantic sector (Fig. 4) (i.e., be
tween long. 20° E and the Drake Passage),
and the remaining 25% into the vast areas
of the Indian Ocean and of the Pacific,
covering three-fourths of the Earth's
circumference.
Over the Atlantic sector the drop of the
equilibrium temperature according to the
'Ylanabe-\Vetherald model (1967) will then
extend much farther north than over the
Pacific and Indian sectors. One may there
fore expect a broad, more or less permanent
upper tropospheric trough extending to
(and partly across) the equatorial region,
thus disturbing the subtropical anticyclonic
ridge and displacing the ITC region even
more to the northern hemisphere than at
present, especially during the southern
summer. "Under present conditions a similar
(but weaker) pattern is frequent only dur
ing the southern winter. The annual distri

bution of winds and water temperature
anomalies in the equatorial region will then
resemble the present northern summer situ
ation: e.g., a southerly flow across the
equator and, consequently, prevalence of
equatorial upwelling (d. the results ob
tained by Honning for JUly-September,
see Flohn, 1972, Figs. 3-4).
While the ice floating into the Indo
Pacific section is of lesser, only regional im
portance-e.g., in the narrow belt along the
eastern coast of Africa (Olaussen et al.,
1971) -the ice transported into the At
I!1ntic sector plays a key role. As a basis
for discussion we may use the heat balance
equation for an upper mixed oceanic layer
with constant depth, above the thermocline,
in the following form:
-->

Qs!

(IIa

LE) - Hm - div At

6.T
=

O.

Here Q.,I is the net radiation at the surface,
Ha + LE is the turbulent flux of sensible
and latent heat from sea into air, IIm is
the heat used for melting of ice, and
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INlTIATION OF A GLACIAL PERIOD
(PROPOSED SCHEME)
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Fro. 4. Initiation of a glacial period (proposed scheme). Southern Hemisphere-Wilson surge
(double arrow) across Antarctic Convergence (actual position) up to about lat. 25° S (dash
dot line). Ocean currents-actual situation. Northern Hemisphere during melting period-cold
pool in Gulf of Mexico, upper troughs along long. 80 0 Wand W Europe, centers of early
continental glaciation .
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div At
divergence of advective heat flux
of the ocean layer.
For a first-order estimate of the heat
budget changes within the Atlantic current
system (Table 2), let us assume that the

ice floating across the Antarctic Conver
gence Zone melts in a short period (of a
few decades or centuries) in the south
Atlantic between lat. 25° and 50° S
(-18.6 X 101H cm 2 ). In this area, just in
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TABLE

2

ESTIMATED HEAT BrDGET: l\frXING LAYER DURING 8t'RGE MELTING

Q,r - (Ha + LE)

Atlantic zone

Hm

Area Transport
10 6 km 2 10 6 m 3/s
- - - -..---...

A. 25-50°8, 50 yr
25-50°8, 100 yr
B. 5-25°8 (E only)
Benguela Current

+ div A, -

18.6
18.6
6.0

-~--~-

A'1' = 0 (in 10 20 calla)

Q,r Ha +LE H ..

°C

-34
-8.6

0
0

56
28

66

38

0

-28

+28

11.2

0

-20 }
-221

+42

16.8

0

-28

+28

16.7
16.7

8

0

4.3

8 }2"
171(J

51

31

4.2

25

50

31

front of the main surge region of the
Weddell Sea, the ice coverage must be as
sumed to rise to 0.50; then, with an ice
albedo of 0.75, the average albedo is 0.40.
With a global radiation of about 118 kLy/
yr (Sellers, 1965) and an atmospheric
counterradiation of 63 kLy/yr (after
Brunt's formula with T = 273 K), Q8f will
be drastically reduced from its present
value of 74 kLy/yr to 9 kLy/yr for a total
energy loss of 16.7 X 10 20 gcal/yr. The
average water temperature of about 14°C
should drop to O°C: this is equivalent
assuming a mixing layer of 100 m-to
liT = 260 X 10 20 geal. The melting of
35 X 10 20 g icc (water equivalent) needs
28 X 10 22 gcal or the equivalent of 168 yr
net radiation. During the melting period,
the fluxes of Ha and LE will be small and
are thus neglected, as a first-order approxi
mation. Assuming durations of the melting
period in this zone A of 50 or 100 yr, the
estimated annual heat budgets of the mix
ing layer are given in Table 2 (Texit is the
temperature of the resulting mixing layer
at the northern boundary of the zone) .
In the following and in Table 2 we con
sider only this oceanic current system:
Benguela current-South Equatorial current
and its branch north of the SOllth American
continent (Guayana Current)-Gulf Stream.
It must be assumed that during the melting

rr~~it

0
0

8
8

----------------------------------

A'1'
10 20 calla

---------------

..

---t

C. 5 S-Carib lsI.
Guayana Current
D. Caribbean + Gulf of
Mexico

div A,

--,

+5.4
+2.7

.--------------------..

18.2
----.--~--

period many icebergs reach lat. 25° S-
even in the 19th century some reached lat.
35° S; the intensity of the cold Benguela
Current is therefore assumed to increase
from 6 to 8 X 10 6 m 3 /s (disregarding the
contribution of layers below 100 m). In the
zones B, C, and D (Table 2) it is assumed
that the extremely cold water increases
atmospheric stability, and that the turbu
lent fluxes Ha LE are reduced hy 4070.
If we select a reduction rate of 30%, or less
(Flohn, 1969) the water temperature
(T exlt ) remains too low; this supports the
idea of a drastic reduction of the oceanic
evaporation and therefore of tropical rain
fall (cf. Chap. VII).
A crucial point is the crossing of the
equator: here we may assume that under
nearly constant southerly winds (triggered
by the difference of ocean temperatures in
the two hemispheres) constant upwelling
occurs. Its order of magnitude may be esti
mated by the use of Stommel's (1964) fig
ures: he obtains, averaged between 5° N
and 5° S, an upward velocity of
4 X 10-4 cm/s (about 35 em/d). According
to Henning's data (Flohn, 1972) we restrict
upwelling to the latitudinal belt 5° S to
1° N; then the upward flow reaches, above
an area of 4.3 X 10° km2, a value of about
17 X 10" m 3/s. This value is of the same
order as the matS transport of the powerful

+
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South Equatorial Current of the Atlantic.
In calculating the heat budget, we assume
a temperature of 14°C for the ascending
flow-i.e., the permanent upwelling is as
sumed to have the minimum temperature
observed near the Galapagos. The assump
tion of a higher ascending mass transport
would lead to unreasonably low tempera
tures (which should have destroyed the
coral reefs in the Carribbean). It should
also be mentioned that, due to the semi
permanent trough Rituation above the
South Atlantic, the splitting of the South
Equatorial Current should be displaced to
the north, leading to a higher mass trans
port along the northern coast of South
America and reducing the southward Falk
land current.
A final value of Tox;t as low as 18°C
in the Gulf of Mexico is not presently sup
ported by any evidence. However, if we
take into account that the branch of the
North Equatorial Current entering the area
as the Caribbean Current, with a similar
transport of 26 X 10 6 km 3/s and a tem
perature of 26°C, flows in a baroclinic pat
tern parallel to the course of the chilled
waters from the Southern hemisphere, we
come to the result that the observed surface
temperature of 21-22°C during the ice-ages
(Emiliani, 1970) (i.e., averaged over a
much longer period of some 10 4 yr) are con
sistent with an area-averaged value ncar
22°C.
It would go beyond the purpose of this
article to estimate the heat budget of the
Gulf Stream during the melting period. It
is sufficient to mention that its temperature
at Florida Strait should be perhaps 5°C
lower than today.
Such an-admittedly crudc-consider
ation of the oceanic heat budget is neces
sary since the heat capacity of a 3 m water
column is the same as that of the whole at
mospheric column. If the ocean maintained
its temperature and t11e cooling of the at
mosphere above the greatest part of the
globe occurred only due to advective pro-
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cesses in the nir, the global climatic effect
of an Antarctic ice outbreak would be
rather insignificant. In this case it would
be impossible to understand in what way
the albedo-produced cooling of the subant
arctic atmosphere could expand into the
northern hemisphere, across the vast area
of the warm tropical oceans covering-be
tween lat. 30° Sand 15° N-about 78%
of the surface.
It has been shown in Chap. V that the
key to the initiation of a northern glaci
ation (either complete or incomplete) is the
summer climate of Labrador-Ungava, in
cluding Keewatin and probably Baffin Is
land. A qUHsipermanent pattern of low
level polar air advection together with up
gliding warm moist air can only be con
ceived together with a quasipermanent east
coast troug11 reaching from I,abrador to
Florida (Fig. 4). Such a situation must be
produced, sustained, and fixed by a pool of
cool water in the Gulf of Mexico and Ca
ribbean, with surface temperatures around
22 instead of 27-28°0. The effect of this
situation in summer (with the strongly
heated continent in the north) is much
stronger than in winter; during the warm
season a permanent high-tropospheric vor
tex will be maintained, and an upper trough
will be fixed along the east coast by a
slightly cooler Gulf Stream.
The geophysical model which has been
outlined here has one advantage over
others: it needs only a quite short time
span of 50 or 100 yr to produce a nucleus·
for glaciation growing by positive feedback,
and is therefore apparently consistent with
the evidence presented in Chap. IV. A cru
cial test of this model, however, lies in the
magnitude of the unavoidable sea level rise
(Hollin, 1972). The evidence presented to
date is hardly sufficiently conclusive; how
ever, it is certainly difficult to find con
vincing traces of a marine transgression
with a lifetime of the order of only 103 yr.
Immediately after the establishment of
this circulation anomaly, the storage of wa
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ter in the form of ice above the northern
continents begins and increasps rapidly by
the abovementioned feedback process.
VII. TIME AND SPACE
CORRELATIONS
Interpreting global coolings as caused by
large-scale surges of the Antarctic Ice, con
centrated mainly in the Weddell Sea-At
lantic section, we may also comprehend
some correlations with other evidence
which remained hitherto hardly under
standable.
(a) In all tropical continents, definite
signs of a marked desiccation simulta
neously with the northern glaciations have
been found (Fairbridge, 1972). This is even
true for the equatorial rain forests in Cen
tral Africa and South America (Vuille
umier, 1972; van Zinderen Bakker and
Coetzee, 1972) ; in both areas semiarid dry
forest prevailed, with only a few islands of
humid forest. If under the present radiation
regime the oceans are advectively cooled,
the evaporation from the tropical oceans as
the main source of the global hydrological
cycle (68%) must have been substantially
lower; a rough estimate based on advective
processes alone (Flohn, 1969) gave a de
crease of about 3070. TJnder such conditions
the intensity and extension of the tropical
Hadley cell must have decreased in com
parison with present conditions.
(b) In several parts of the Atlantic scc
tor the lowering of the snowline and vege
tation limits during glacials was much
greater than usual (equatorial zone some
800 m, midlatitudes about 1200 m). Here
we mention the Itatiaya near Rio de
.Janeiro (Mortensen, 1957), the Costa Rica
Volcanoes (Weyl, 1956) and, at least in
some times, the Sabana of Bogota (van der
Hammen et al., 1971), each with a glacial
cooling of up to 8°C (in earlier glaciations
even 11°C) instead of 5°C in other areas
(East Africa, Indonesia, New Guinea).
Similar data have been colleeted from the
humid Andes Mountains of Colombia and
Venezuela (Wilhelmy, 1957). Of special in

terest is the somewhat controversial evi
dence for a widespread low-land glaciation
of Eastern Patagonia (Czajka, 1957).
(c) According to new data collected in
a interdisciplinary German-:.vlexican Pro
ject (Heine, 1973a, 1973b), the 14C time
scale of climatic events in the last 40,000
yr in the high volcanoes in Central Mexico
deviates in a characteristic way from the
usual sequence; the greatest glacial advan
ces occurred at about 32,000 and (during
4-500 yr only) 12,000 BP, i.e., within the
Aller~d oscillation.
(c) The striking contrast between the
glacial temperature anomalies in the area
around the Bay of Biscay, from Ireland to
Northern Spain (-12°C or even more),
and at the same latitude at the Pacific
coast of North and South America (about
-5°C) has been stressed earlier (Flohn,
1969) ; it is consistent with abrupt progres
sions of polar water masses to lat. 42° K
in the Atlantic (McIntyre et al., 1972) i.e.,
more than 20° south of their present posi
tion. From a comparison between micro
paleontological evidence and isotopic tem
peratures, Emiliani (1971) concludes that
glacial surface temperatures were about
7-8°C lower in the Caribbean, 5-6°C in the
equatorial Atlantic, but only 3-4°C in the
equatorial Pacific. The contrast of the large
extension of ice sheets on both sides of the
Atlantic with the comparatively small gla
ciation on both sides of the Pacific requires
also a geophysical interpretation (Flohn,
1969). According to this version of the Ant
arctic Surge model, cooling of the Pacific
may have occurred only as a secondary
effect.
After the revised calculation of the solar
radiation fluctuations due to orbital vari
ations (Vernekar, 1972) the equal severity
of the most recent and earlier glaciations
is difficult to understand. In contrast to the
solar variations, the glacial and climatic
history of at least the last 20,000 yr shows
a clear coincidence at both hemispheres, in
stead of a time-lag of the order of 10,000
yr. Together with the discrepancies in the
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time-scale involved, this seems to be one
of the strongest arguments against a pri
mary role of the extraterrestrial "Milanko
vich effect," which appears to have mes
merized nearly two generations of earth
scientists, in spite of many sober and crit
ical voices.
According to heat transport consider
ations (Newell, 1973) the initiation of a
glaciation needs a heat deficit of 1 to
3 X 1019 gcaI/d. A Wilson surge (Model SH
3) yields, with an average global radiation
of 350 Lyjd, a heat deficit of about
9 X 1019 gcaIjd or about 4500 TW lasting
about a century. If the melting process of
the ice lasts the same period, an additional
loss of nearly 2 X 1019 gcaIjd is to be
added.
In contrast to this, the peak-to-peak
variation of summer insolation due to the
Milankovich effect-Le., spread over a pe
riod of several 104 yr I-is 35 X 1020 gcal
(Broecker, 1968) or little less than 2 X 1019
gcaI/d, equivalent to 3.8 W1m 2 or 970 TW.
The mass of new evidence, consisting of
quantitative determinations of temperature
and age (certainly not without sources of
systematic error!) has shown that the
time-scale of the glacial-interglacial se
quence is much more complex than the clas
sical one (Emiliani, 1972). Obviously a ser
ies of hemispheric-scale coolings occurred,
some followed by a glaciation on the north
ern continents, others not. Such "abortive"
coolings, with a time-scale of a few cen
turies, are of vital interest to the meteoro
logist: in the human time-scllie they are
"irreversible," i.e., from the viewpoint of
living mankind, of the economist, and the
politician. They indicate that Lorenz's
(1968) unorthodox suggestion of a potential
instability of our climate is quite realistic
and must be taken as a serious ehallenge
of utmost significance.
The powerful feedback between the
strong albedo gradient on the outer bound
ary of the snow- and ice-covered region and
the baroclinic frontal zones (acting as cy
clone tracks) contributes strongly to the

development and maintenance of continen
tal glaciations in the northern hemisphere.
It is much more difficult to understand the
total interruption of this process, which
leads to disintegration and finally to degla
ciation. In other words: what physical
causes are responsible for the transition
from an ice-accumulating to an ice
destroying pattern of the atmospheric cir
culation, right at the culmination of each
glacial? It has been argued (Hoinkes, 1961;
Bloch, 1964), that the aridity of northern
continents causes loess dust from the barren
ftuvioglacial deposits around the ice (with
most particles well below 2 ,urn) to be blown
onto the ice, resulting in a lowering of the
surface albedo. However, the role of a dust
laden atmosphere--as it can be observed
now during summer above Pakistan,
Turkestan, and Sinkiang-is more com
plex: Low-level dust absorbs solar and
long-wave radiation and heats the atmo
sphere and the surface substantially. A
most remarkable example of this effect has
been observed recently in the Martian at
mosphere (Gierash and Goody, 1972). Di
rect heating and atmospheric infrared radi
ation (at high temperatures) are more pow
erful melting agents than the decrease of
the albedo alone. Time variations of the Ca
content of the Greenland ice (Hamilton
and Seligo, 1972) are apparently consistent
with this hypothesis: the occurrence of Ca
maxima after the beginning of cooling sup
ports our view.
VIII. SUMMARY
In a time-scale of 10 4-10° yr the climate
of the FJarth-atmosphere-hydrosphere
cryosphere system is in fact unstable.
This complex, self-regulating system
with nearly constant energy input-is
in a delicate state of equilibrium, with its
energy budget depending on the variable
area of its subsystems. During the last 1O~
yr, evidence of at least five rapid hemi
spheric or global coolings has been found
with temperature changes of about 5°C
(i.e., the full difference between present and
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iceage climate), occurring during a time
span of thc order of a century. Only some
of them led to a complete glaciation of the
northern continents, others ended after a
few centuries with a sudden warming.
These facts are not compatible with the
widely accepted orbital variations with a
time-scale of some 104 yr ("Milankovich
effect") .
Starting from a modified version of A.
T. Wilson's hypothesis of large-scale surges
of the Antarctic ice dome, a purely geo
physical model of such rapid coolings can
be outlined:
(1) After a period of slow accumulation,
the Antarctic ice dome surges-not neces
sarily simultaneously-mainly in the exist
ing shelf areas, especially in the Wed den
Sea. The amount of ice calving into the
ocean is estimated to be 6-10 X 106 km\
causing a eustatic sea level rise of 15-25
m, spread over several decades or centuries.
(2) The disintegrated ice spreads, in
enormous tabular icebergs, over an area of
20-30 X 106 km2; due to the increase of the
surface albedo the average temperature of
the southern hemisphere drops about 7°C.
Since the tropical zone is, at the very begin
ning, only weakly affected, the mid latitude
circulation intensifies significantly.
(3) During the melting period, a con
siderable part of the ice crosses the oceanic
Antarctic Oonvergence, notably in the
Weddell Sea-Atlantic sector. According to
an estimate of the heat budget of the upper
mixed layer, the melting process causes
advective cooling of the system Benguela
Current-South Equatorial Current-Gulf
Stream of the order of at least 6-8°0 during
a time-span of about 50-100 yr, in addition
to the albedo-produced cooling. This cool
ing should be accompanied by a broad
upper trough in the South Atlantic and 11
marked cold-arid phase in the neighboring
continents.
(4) Advective cooling of the surface of
the Caribbean and the Gulf of Mexico, to
gether with the Gulf Stream, causes, during
the warm season, a permanent high-tropho

spheric vortex together with a deep trough
along the eastern coast of North America.
This circulation anomaly produces cooling
and increased snowfall in the Labra
dor-Ungava region and enables a survival
of the snow-cover during summer, as a po
tential nucleus of a continental glaciation.
(5) When the permanent snow-cover has
reachcd a diameter of scveral hundred kilo~
meters, a positive feedback mechanism .",
(snow surface with high albedo-tropo
spheric cooling-cold upper vortex-enhanced
snowfall) leads to a fast-growing ice sheet.
This localized heat sink maintains a quasi
permanent trough-ridge pattern with block
ing highs east of Alaska and cast of Ice
land, the latter producing a second ice
center in the mountains of Fennoseandia.
(6) Further development of these ice
centers either to a complete glaciation or
to a reversal may perhaps be controlled by
the actual state of the orbital elements;
further studies are needed. From the mete
orological point of view, an incomplete
("abortive") glaciation with a duration of
only a few centuries is as important as a
complete glaciation with a period of
..
10,000 yr.
(7) The final disintegration of the ice . .
domes of the northern eontinents-in
spite of the powerful feedback referred to
in no.5-can be understood as caused by
frequent dust storms, lowering the surface
albedo of the glacier, and heating the lower
atmosphcre through absorption of solar and
long-wave radiation.
Such a geophysical model may serve as
a baekground for a complete physicomathe
matical model of the complex mUltiphase
system designed to simulate these most
dramatic events in the climatic history of
the Earth. Admittedly, our knowledge of the
complex interaction of processes in our geo
physical system is at this time rather in
adequate. Several highly interesting model
experiments try to simulate the climate of
a fully developed glacial epoch (Alyea,
1972; Williams et al., 1973). Here we pro
pose a much more difficult, but also more
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rewarding future task: the simulation of
the initiation of a new glaciation. If-as
stated in the introduction-a new glaci
ation should be expected to begin during the.
next, say, 5000 yr, one should expect, per
haps, a probability near 1%, that this may
happen during the next 50 yr.
Man can hardly interfere with the mass
budget and the intensity of the Antarctic
ice. Denton et al. (1971) have pointed out
that a minor increase of temperature-as
we expect as a result of man-made
effects-may lead to disintegration of the
smaller West Antarctic ice sheet; both
effects should rise the accumulation rate in
East Antarctica. At any rate, this problem
is not only of pure acadcmic interest: it
refers to our own planet Earth, to our habi
tat now and in the future. Within the life
time of our generation, it deserves a much
higher priority.
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ADDENDUM

of 100 mj8000 yr or 12 mm/yr); further
retreat means therefore an increase of float
ing shelf ice and of the present eustatic rise
near 1 mmjyr. Since the Weddell Sea drain
age area is much more unknown than the
Ross Sea area, similar investigations there
are badly needed.
The physical background of the ice core
data from Greenland and Antarctica has
been recently discussed by 'V. Dansgaard,
S. J. Johnson, H. B. Clausen, and N. Gunde
strup in a monograph (Meddel. om Gr¢n
land 197, No.2, 1973,53 pp). The use of
the hypothetical cycles of constant length
as a base for a time-scale has been seriously
doubted by N. A. Marner (Boreas 2, 1973,
33-53) and (Geol. Magaz. 111, 1974, in
press) as well as the U8e of a logarithmic
scale based on a flow model with constant
velocity. Certainly any substantiated im
provement of the chronology would be
highly welcome; due to the relatively high
degree of coincidence with many indepen
dent results (cf. Chap. IV) it is not ex
pected that the results presented here
would be significantly changed by an Im
proved chronology.
In addition to Chap. VII paragraph (b)
reference should be made to the isolated
and short glacier advance in southern Chile
(J. H. Mercer and C. A. Laugenie, Science
182, 1973, 1017-1019) around 36,000 BP
and to the evidence of frost weathering at /
the South African Cape Coast indicating a
winter temperature depression of about
WaC (K. W. Butzer, Boreas 2,1973,1-11).
Such examples of short-living episodes de
serve more attention; the highlands of
Angola and South,vest Africa should be of
special interest.

In a very thoughtful paper, T. Hughes
(J. Geophys. Res. 78, 1973, 7884-7916)
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