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Paleoecological and paleogeographical evidence is used to mold a framework from which the
basic parameters of the late Quaternary glacial-age climate of tropical Australasia can be inferred.
The theory of physical circulations, a knowledge of present tropical circulation patterns, and a
study of anomalous and extreme events in the present era are used to reemphasize the view of a
jess pluvial tropical and subtropical zone at that time. Cooler sea-surface temperature, cooler
trades, and the effect of the then exposed land areas are indicated as instrumental in producing
drier conditions. Tropical areas west of Cape York Peninsula and Torres Strait were subject to fewer
tropical disturbances and were similar to the present tropical savannah of the northern interior
of Australia. Such effects would exist even without shifts in major climatic zones, although
they are shown to be consistent with an equatorward shift of the westerlies brought about by the
increased pole to equator temperature gradient. Paleoenvironmental evidence from the New
Guinea Highlands and southeastern Australia suggests that their climates were anomalous. Sub-
stantial data of the glacial period in New Guinea show snow lines to be 1000 to 1500 m lower
than at present which matches a 6 to 8°C lowering of temperature in highland New Guinea. The
deep-sea cores of the CLIMAP Project suggest a mere 2°C cooling of the surrounding
tropical oceans. It is shown that it is highly unlikely that an upper-level decrease in temperature
of 6 to 8°C could be maintained while the surface cools by only 2°C. It is suggested that either the
temperature of the tropical oceans of the western Pacific were overestimated by CLIMAP or that
cold air incursions from higher latitudes (for which some analogs exist today) were sufficiently
frequent to allow the maintenance of a snow line well below the freezing level of the ancient
ambient tropical atmosphere. It is shown that in southeastern Australia considerable evidence of
aridity cannot be explained by merely displacing the westerlies more equatorward. To account
for the aridity, a new circulation pattern is proposed. Noting that there is CLIMAP evidence
of preferred equatorward extension of sea ice, a pattern is postulated that displays only small
seasonal change and is characterized by an enhanced Indian Ocean trough, marked ridging
at eastern Australian longitudes, and a further trough in the western Tasman. Such a basic flow
is consistent with (i) a low rainfall over southeastern Australia, (ii) frequent cold outbreak condi-
tions favorable for the maintenance of the New Guinea glaciers, and (iti) considerable precipita-
tion to nourish the ice caps of Tasmania and the Australian and New Zealand Alps.

INTRODUCTION

At this time there is not a complete or ade-
quate physical theory which allows a full
understanding of climate change or the state
of the climate at any one particular time.
Without the aid of a general theory or ex-
plicit observations and climatic records, the
tonstruction of a coherent picture of the cli-
mate of a past age must depend entirely on
the use of implicit indicators or proxy cli-
matic data.

279

The description of a past climatic state
thus depends on: (a) broad paleogeo-
morphological and paleoecological evidence
and (b) meteorological interpretation of indi-
cators from other disciplines in relation to
present knowledge of the general circulation
by (1) the use of current theories of at-
mospheric motions, (ii) the development of
a physical model using proxy data, and (iii)
the investigation of periods of extreme
meteorological conditions of the present
climate,
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Inferring past climate from random field
observations requires a guideline for their
selection and interpretation. The occur-
rence of identical signals from the various
proxy data is rare and should not be ex-
pected from a region as large as Austraiia
which not only experiences a.gamut of cli-
mates through the ages but also exhibits a
great spatial variation of climate at any one
time, in the same manner as present climate
varies in space (Galloway, 1971). Thus
even with perfect dating, care must be taken
not to generalize from one observation,
which may represent only a local climate at
that one time. Conversely, one contrary but
well-founded observation does not neces-
sarily negate other observations. Any single
abservation should therefore be considered
as a statistic that defies full interpreta-
tion unless considered with other members
of the statistical ensemble.

In the present study, we do not add to the
collection of proxy climate data. We pre-
sent a brief summary pertinent to later
discussions. This will suffice as a number of
excellent and comprehensive interdiscipli-
nary surveys and discussions relating
specificaity to the Australian region that
exist in the literature (e.g. Gentilli, 1961;
Galloway, 1971, Bowler, 1971, Costin,
1972, Williams, 1975, and especially Bowler
et al., 1976, and Rognon and Williams, 1977).
Here, we attempt to form a cohesive
climatological envelope within which to
contain the various interdisciplinary evi-
dence and form a description of the large-
scale atmospheric and oceanic controls
which may have affected the distribution of
proxy climatic data.

We follow methodology (b) above as al-
ready utilized by Webster and Streten (1972)
and Streten (1974). The methodology is
based on the hypothesis that meteorological
extremes and attendant controls of the
present climate may illuminate processes
which dominated the past. Our procedure is
similar to that of Lamb (1961) who sug-
gested that **. . _ the maximum phases of
the Quaternary ice age were in essence

merely an extension of the circumstanceg
of the present day. . . .” If Lamb’s gyp.

mise is correct, information can be obtaineq

about the climate of a particular age wheg

insight gained from the study of extremes of _'-.f
the present climate, coupled with a knowl.

edge of the present climate, is used to weigh
evidence accumulated by various paleoer.-
vironmental disciplines.

INTERDISCIPLINARY EVIDENCE OF
PAST CLIMATE

Geomorphological Data

Following Jennings (1971), who quotes
the Timor Shelf observations of Van Ande|
et al. (1967), the 200-m submarine con-
tours of present bathymetric maps were

adopted as close approximations to the

coasts at the last glacial maximum. Figure Ia
shows the extended land mass based upon
such an assumption. The most important
features are the extensive plain areas oc-
cupied by the present Timor and Arafura
Seas, the Gulf of Carpentaria and Torres
Strait, the extension of the coastal plains
along the northern coast of western Australia
and the Great Australian Bight, a dry Bass
Strait joining Tasmania to the mainland,
and extended coastal plains along the
eastern coast. In Indonesia and the South
China Sea, a vast land area connected south-
east Asia, Kalimantan (Borneo), and the
Philippines. The decrease in sea level wasa
result of an accumulation of ice, principally
in the Northern Hemisphere continents and
the Antarctic.

The assumption of general large scale tec-
tonic stability on the time scale of the late
Quaternary is probably correct for most of
continental Australia although some move-
ment of the Selwyn Upwarp (located to the
south of the Gulf of Carpentaria) has been
noted by Twidale (1966). New Guinea, on
the other hand, shows signs of intense and
recent tectonism in the central mountain
chain (Galloway et al., 1973). Veeh and
Chappell (1970) suggest a substantial uplift
of as much as 140 m on the Finsch Coast
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(northern coast of New Guinea) during the
Jast 50,000 yr. Despite extremely rapid
yariations of the topographical relief, at
least relative to a geological time scale, it is
unlikely that these have contributed sub-
stantially to climatic variations on the time
scale of the last glaciation and such effects
would be absent from the proxy data. Most
likely, the topographic variations which
have produced significant climate variations
during the late Quaternary are those as-
sociated with the well-documented and
world-wide drop in sea level.

During the last glacial maximum, exten-

sive glaciation occurred in Tasmania and

small glaciers were evident in the Snowy
Mountains of the Australian Alps. In New
Guinea (see Fig. 1b), substantial glaciation
occurred in the higher parts of the Central
and Maocke Ranges (Léffler, 1972, Bowler
et al., 1976). Mt. Wilheim (4510 m, eastern
Central Range) and Mt. Jaya (4884 m,
Maoke Range)' were significantly glaciated
and with other peaks provided a total esti-
mated glaciated area of about 2000 km?®
(Loffler, 1972). This may be compared with
the less than 8 km?® at the present time which
is confined to Mt. Jaya. Cirque and moraine
remnants indicate postglacial protrusions
down to at least 3000 m with the lowest
snow line indicated near 3500 m (Loffler,
1972).2 This is at least 1000 to 1500 m lower
than the present level.

Bowier et al. (1976} note that glacial
retreats began 15,000 to 14,000 yr B.P. with
most peaks below 4500 m being ice free
by 9500 yr B.P. Two advances in 11,600
yr B.P. and about 3000 yr B.P. interfere
with this steady retreat. The glacial retreat
in New Guinea appears to have lagged
the retreats in southern Australia.

Reiner (1960) has noted that the late
Pleistocene snow line on Mt. Wilhelm

! The former Mt. Carstenz.

* Loffler's method of determination of ancient snow
levels is an empirical relationship based on the arithme-
tic mean of the altitudes of terminal moraines, the mean
altitude of the catchment area, and the altitude of the
lowest cirque floor.

LATE QUATERNARY CLIMATES OF AUSTRALASIA - 281

was probably some 150 to 300 m lower
than on Mt. Jaya. This is substantiated
by Loffler (1972) who sets the ancient snow
lines at near 3650 m in the Owen Stanley
Ranges (eastern New Guinea}, 3500 to 3400
m in the Central Ranges, and 3650 min Irian
Jaya (western New Guinea). A large per-
centage of cirques on Mt. Wilhelm face
toward the southeast (Gentilli, 1961) in con-
trast to the Mt. Jaya region where the
present glaciers extend toward the north-
west (Mercer, 1967).

Palaeoenvironmental Data

Using proxy climatological data, the
CLIMAP Project Members (1976) (hereafter
referred to as CLIMAP) attempted to re-
construct the surface conditions of the Ice
Age earth (i.e. 18,000 yr B.P.). The deter-
mination of the sea-surface temperature dis-
tribution and the sea-ice limits is significant
for the present study as it not only al-
lows an estimate of the state of one of the
most important climatic controls but allows
local proxy data to be placed within a
larger perspective. In the CLIMAP study,
three planktonic groups were identified in
various quantities in some 247 deep-sea
cores and their relative abundance related to
the sea-surface temperature. Sea-ice mar-
gins were identified using a combination of
geological and biological evidence.

The section of the CLIMAP August
18,000-yr B.P. reconstruction which is
directly pertinent to this study is shown in
Fig. 2. The difference between the present
and the ancient temperatures and the loca-
tions of the deep-sea cores used in the re-
construction are also shown in Fig. 2
and appear as dashed lines. The core distri-
butions appear sufficient to define the ice
margin to the south west of Australia,
the temperature variation along the western
Australian coast, and perhaps the tempera-
ture of the tropical oceans. The large devia-
tions in the New Zealand area were deduced
implicitly and are discussed by CLIMAP
(1976).

In the Australasian region, CLIMAP sug-
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sphere winter sea-ice margin. Sea-surface Pacific. The latter point would suggest that
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Pacific Ocean was similar at low latitudes
to that of the western Atlantic Ocean
(Gardiner and Hays, 1976}.

Data from tropical Australia indicate a
generally drier climate during the last
glaciation than at present (Bowler ef al.,
1976). For example, the Atherton Table-
land was significantly drier before 10,000 yr
B.P. Precipitation was inferred from the
pollen records from Lynch’s Crater (Ker-
shaw, 1974). Similar conditions prevailed
in the northwest as indicated by extensive
dune formation at that time. Evidence is
interpreted to indicate a less pluvial period,
an increased continentality, a decreased
northwest monsoon circulation, and cooler
and drier trades (Wright, 1964; Fairbridge,
1965; Gentilli, 1961, Bowler et al., 1976).
Interestingly, the period corresponding to
the hypsithermal (5000 yr B.P.) was ap-
parently much wetter than at present.

A number of sites in the New Guinea
Highlands (e.g., Mts. Wilhelm and Jaya,
Sirunki, Inim, and some others) provide
evidence of climatic variation via care-
fully analyzed poller histories. A thorough
analysis is presented by Bowler ef al. (1976)
and we merely point out that all sites indi-
cate a fairly consistent variation back from
the present time through the maximum
glaciation (18,000 yr B.P.) to the ‘‘pre-
glacial’’ period (25,000 yr B.P.). The course
of the ancient temperatures is summarized
in Fig 3 where data from seven sites from
Mts. Wilhelm and Jaya are plotted with
appropriate error envelopes. The small in-
set curve in the lower right of Fig. 3 indi-
cates the variation of the 1000-yr average
temperature caiculated by weighing all data
equally. Two events appear well defined.
These are the small relative temperature
maximum (1.5° warmer than present) which
probably corresponds to the hypsithermal
between 4000 and 6000 yr B.P. and the cool
petiod (6—8°C below present) between
16,000 and 18,000 yr B.P. The hypsithermal
is well established by five estimates whereas
two independent determinations fix the
temperature at the glacial maximum.
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PALEOENVIRONMENTAL
INTERPRETATIONS

An understanding of the paleoenviron-
ments which have produced the various
poxy climatic clies must offer simultaneous
explanations of all the features discussed
above. Furthermore, it should allow a cli-
matic description of the now submerged lands
in the coastal regions of Australia which is
of extreme importance from anthropological
and paleoecological viewpoints.®

In the last section it was suggested that
northern Australia was considerably drier
and somewhat cooler and that there were
generally cooler sea-surface temperatures
with a maximum lowering of temperature
of 4°C off the west, southwest, and south-
east coasts of Australia but of only 2°C off
the eastern and northern coasts. The land
area of tropical continental Australia was
significantly increased by the receding
ocean level, and New Guinea, Australia,
and Tasmania were physically joined. The
largest temperature decreases occurred in
the New Guinea Highlands where sub-
stantial glaciation was evident with a con-
siderable lowering of the snow line.

An important aim of a paleoenviron-
mental interpretation is an attempt to dis-
cern whether or not a local indicator (e.g.,
anomalously drier conditions in northern
Australia) resulted directly from the imposi-
tion of planetary scale confrols (such as
the strengthening of the Hadley Circulation)
or as the result of the varation of a local
control (such as the increased land area).
Such a determination is of some importance
as it allows a perspective through which
the various proxy climatic data may be
viewed.

Controls of the Current Climate

The present low-latitude climate is
dominated by the release of latent heat

3 See Walker, D. (1972). *“‘Bridge and Barrier: The
Natural and Culiural History of Torres Strait,”” con-
ference proceedings, Research School of Biogeography
and Geomorphology, Publication BG/3, Australian Na-
tional University.
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arising from weather systems forming and
propagating within the tropics (e.g., Riehl,
1954; Riehl and Malkus, 1958). It is
generally thought that the in situ release of
latent heat influences the climate of the
tropical regions to a greater extent than does
the importation of heat and moisture from
- higher latitudes by the extratropical disturb-

ances. In the last section, we noted evi-
dence of a less pluvial tropical region dur-
ing the last glaciation. It is important that
we establish the mechanisms involved inthe
decrease of precipitation and, if possible,
recognize them relative to the known facts
of the present tropical atmosphere.
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F1G. 4. Relative visual brightness for the Australasian region averaged over December, January, and February
1967 to 1968 from ESSA 3 and 5 satellites (after Taylor and Winston, [968).

present moist atmosphere in the Australasian
region is displaved in Fig. 4 where the satel-
lite-viewed average visual brightness over
the Australasian region for December, Janu-
ary, and February (1967-68) is shown. Two
dominant features are evident. The first is
the zone of low cloudiness* straddling the
subtropics (15-35°S) which corresponds to
the mean positions of the subtropical high
pressure cells and an area of low precipita-
tion. The second is the cloud band stretching
zonally across tropical Australasia which
corresponds to the near-equatorial trough of
the Southern Hemisphere within which
most of the tropical rain-producing dis-
turbances develop and propagate. The near-
equatorial trough zones are not enly the
most disturbed but also the wettest.
Longitudinal wvariation of the disturbed
region also exists with the eastern equatorial
Pacific containing minimum cloudiness and
precipitation. This is a manifestation of an
east-west cell with rising motion in the
vicinity of Indonesia and New Guinea (the
region of maximum cloudiness in Fig. 4) and

* It is generally assumed that visual brightness is an
}ndicator‘ of cloudiness except in continental desert and
Ice cap regions of high surface albedo.

descending motion in the eastern Pacific
Ocean. The circulation is termed the Walker
Circulation (e.g., Webster, 1972) and is
thought to be closely related to the sea-
surface temperature distribution (Bjerknes,
1969) which exhibits a maximum in the
western Pacific Ocean and a minimum in the
east. The weak maximum extending merid-
ionally over eastern Australia is associated
with the relative trough which exists
between two semipermanent high pressure
cells. A similar maximum exists in the
winter months.

Two general theories exist to explain the
intensity and position of the disturbed near-
cquatorial trough. The first places most
importance on the dynamics of the tropical
boundary layer (Charney, 1969) while the
second emphasizes the distribution of sea-
surface temperature about the equator
{(Pike, 1971). Both are not mutually exclu-
sive and each emphasizes the need for an
equatorward flux of moist air via the trades.
Both theories agree that if the trades were
drier, perhaps due to a reduced evaporating
surface or cooler sea-surface temperatures,
then we may expect a weaker and less
disturbed near-equatorial trough and pos-
sibly fewer disturbances.

LT R WRTEAT R
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Two other classes of phenomena are re-
sponsible for the low-latitude precipitation
distribution and which do not depend pri-
marily upon a warm sea-surface tempera-
ture. These are the flow of a moist stream
against an orographic barrier (e.g., the New
Guinea Highlands or the Queensland coast)
and the diurnal thunderstorms which are
distributed near randomly and require
principally a moisture supply and a warm
lower boundary. Riehl (1954) suggests that
some 75% of precipitation results from dis-
turbances associated with the near-equa-
torial troughs. Consequently, the precipita-
tion at a particular location may depend
somewhat on its orographic structure but
primarily upon the passage or development
of tropical disturbances.

The histograms of Fig. 5 show the marked
seasonal nature of the present rainfall
regime in the selected rainfall districts of
~ northern Australia (demarked on Fig. la).
On the northern coast of Australia there is a
rapid falloff of the summer rainfall averages
(the wet season) with increasing distance of
the district from the coast (cf. districts
14GA, 14DE, and 15A). Similar character-
istics may be observed by comparing the
eastern Cape York Peninsula stations with
those inland (cf. 31 and 32 with 30); here the
difference is accentuated by the inland
stations being on the lee of the castern
highlands.

In the tropics, most of the precipitation is
due to organized disturbances rather than to
random thunderstorms. An investigation in
South America (Olascoaga, 1950) showed
that over a wide range of latitude, elevation
and average annual rainful, 10 to 15% of rain
days accounted for 50% of the total rainfall
and that 25 to 30% of rain days accounted for
75% of total rainful. The fragmentary
precipitation data that does exist for the
New Guinea Highlands (summarized for the
Mt. Wilhelm region by Hnatiuk et al., 1976)
suggests a similar distribution to that found
by Olascoaga. For example, some 81% of
precipitation fell at Pindaunde (Mt. Wilhelm)
on 18% of days during 1972. Synoptic

experience suggests that the decrease of
rainfall inland in northern Australia primarily
results from lack of organized weather
systems at any considerable distance from
the coast. Such dynamic systems draw upon
the warm tropical sea surface as a source of
much of their energy and decay rapidly after
moving over land.

The ultimate development of tropical dis-
turbances forming over the warm oceans is
the tropical cyclone (also known as the
typhoon or hurricane), which also weakens
with passage over land. However, in con-
trast with the smaller scale and weaker
tropical disturbance, they may on occasion
maintain their circulation and rainfall pro-
duction for a comsiderable period and
distance after moving inland. Indeed the in-
frequent precipitation in many inland arid
regions of Australia (notably inland western
Australia) depends upon the occasional in-
land incursion of the remnants of a tropical
cyclone (see districts 2 and 14F of Fig. 5).

Figure 6a illustrates the frequency of
tropical cyclones crossing or passing within
160 km of the coast within well-defined partic-
ular sectors as determined by Coleman (1971}
Coleman’s 50 yr of data (1909-1969) show
very high frequencies off northern Queens-
land and across the north coast of Australia,
especially in the Gulf of Carpentaria area.
Further, there are a large number of disturb-
ances which do not reach tropical cyclone
intensity within the equatorial trough which
passes through the Gulf of Carpentaria and
the Arafura and Timor Seas. Figure 6b
shows the distribution of tropical cyclogene-
sis (i.e., number of cyclones forming in a
region during the data period). Note in par-
ticular the maximum in the Gulf of Carpen-
taria and the minimum over land. Signifi-
cantly, tropical cyclones appear to require
warm surface temperatures for their forma-
tion. In fact, evidence from studies by Riehl
(1954) indicate that tropical cyclones do not
form when sea-surface temperatures are

5 These data have recently been updated to 1975 by
Lourensz (1977).
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FiG. 5. Monthly distributions of precipitation for the northern Australian rainfall districts of Fig. 1 and two
representative New Guinea stations. The annual rainfall in millimeters is shown above each histogram.

below 26 to 27°C. Also in regions of cool sea-
surface temperature (e.g., the eastern and
southeastern Pacific Ocean) tropical dis-
turbances of all classes are unobserved. In
summary, the effect of sea-surface temper-
atures on tropical disturbances is profound:
their occurrence and formation are positively
correlated with sea-surface temperatures.
The temperature of the free atmosphere
(i.e., away from the ground) is an integral

part of the present climatological state of
the earth and is not independent of surface
conditions or vice versa. Although rarely
discussed in the literature because of obvious
proxy data restrictions, the upper tempera-
ture structure of paleoenvirons must also
be of similar importance, In anticipation of
a discussion of the vertical temperature
structure during the last glaciation in fropical
Australasia, we make some points regarding
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FiG. 6. Frequency of (a) tropical cyclones crossing or passing within 160 km of the coast within indicated
sectors and (b) tropical cyclogenesis. Data are based on 60 yr (1909-1969) of records by Coleman (1972).
Stippled area is that of exposed land at the last glacial maximum.

the present climate paying particular atten-
tion to the average lapse rates below about
3 km upon which the snow line depends.
Figure 7 shows the vertical temperature
distributions of a number of stations (de-
marked on Fig. 1a) as a function of height.

All stations show average profiles for June
using 16 yr of data (except for Lae for which
the January profile is also shown). Tem-
perature is indicated as a function of height
and displayed upon a background grid of
dry adiabatic lapse rate curves (DALR) and
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FiG. 7. Mean upper air temperatures for selected stations shown in Fig. I {sce text).

moist adiabatic lapse rate profiles (MALR).®
The most important feature is that all pro-
files from Charleville in the south to Lae
in northern New QGuinea possess moist
adiabatic lapse rates above 1to 1.5km. Most
significant is the moist character of the most
southerly station shown (i.e., Charleville)
and also Darwin, which in June are almost
completely without rainfall, the trajectory
of air over Darwin at this time of year is
predeminantly from the dry continent. The
major difference between the Lae profile
and that of Charleville is that the latter sta-
tion is drier in the lower levels and hence
has a steeper lapse rate. For example, the

®The moist and dry adiabatic lapse rates are the
temperature variations a moist or dry air parcel is con-
strained to follow during vertical ascent. The lapse
rates depend solely upon the magnitude of gravity and
the composition of the atmosphere, which includes the
Wwater vapor content.

average lapse rate for Lae over the first 5
km is 5.6°K km™ whereas for Charleville
it is 5.8°K km™!; that is, both lapse rates
are a little greater than moist and are thus
substantially less than the 9.8°K km™ attrib-
uted to the dry adiabatic ascent.

There exists a correlation between the
temperature of the free atmosphere at the
coast of New Guinea and the temperature
of elevated terrain. Figure 8 shows a plot of
the June and January mean temperature pro-
files (enveloped by +SD curves) for Lae
against height. Superimposed upon these
curves are the annual ranges of tempera-
tures (winter on the left of the bar, summer
on the right) as recorded at a number of
levels on the slopes of Mt. Wilhelm. The
temperatures were derived from the Mt. Wil-
helm data by taking the mean of the maxi-
mum and minimum temperatures of Hnatiuk
et al. {1976). Given that each site represents
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a different exposure, the agreement with the
adjacent free atmospheric temperature {de-
fined as the temperature above Lae)is good.
Therefore we may be fairly certain that the
temperature of the terrain at a particular
height is matched by the temperature of the
atmosphere at the same height over the ad-
jacent tropical ocean.

With the aim of interpreting mean snow
lines of various locations in Australasia, we
show contours of the height of the freezing
level assumed to be representative of the
current era based on 10 yr of daily upper
air soundings averaged over each month.
These are shown in Fig. 9a in units of de-
cameters. As expected, freezing level is a
strong function oflatitude with lowest levels
in the south and highest levels in the north.
The three main areas upon which permanent
winter snow resides (Tasmania, southeast

4.5} SUMMIT RIDGE .
L (4400m) —>],

—UPPER VALLEY —> ~.
(4300m)

4 - BIDGE CAMP ———
{4020m)

HEIGHT (Km)
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Australia, and the New Guinea Highlands)
all show correspondence between meag
snow level and mean freezing level althougp
absolute verification is difficult. Present
snow levels on Mt. Wilhelm (Hnatiuk e¢ al.,
1976) agree well with the climatological d1s_
tributions. Snow is observed to fall but only
to remain in shady sections on the higher
levels of Mt. Wilhelm. The height of Mi,
Wilhelm and the climatological freezing leve]
are almost the same during winter. Mt. Jay,
remains at or above the freezing level through.
out the year.

Figure 9b offers a different perspective
of the annual freezing level by displaying its
annual course for seiected stations in low
latitudes. Stations such as Charleville and
Brisbane show variations of 1600 m from
summer to winter with the lowest freezing
level occurring about a month after the win-

LAE (JAN}
g

\“/_T‘JAN

+o(T)

TEMPERATURE (°C)

F16. 8. Mean and SD of Lae upper air temperatures in January and June in relation to annual ranges of
temperature at stations on the slopes of Mt. Wilhelm (see text).
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nd June in relation to annual ranges of

ter solstice. The near equatorial stations
(e.g.» Darwin and Lae) show variations of
only 200 m or so. Remembering Loffler’s
snow line determinations, it is interesting
1o note that only air masses such as those
characterized by Brisbane and Charleville
possess freezing levels commensurate with
ancient New Guinea snow levels during the
entire winter months.

On time scales smaller than those indicated
by the monthly averages shown in Fig. 9,
significant variations occur in the local freez-
ing level due to synoptic weather systems.
The largest decreases in the tropical north
are caused by cold polar air incursions. An
example is shown in Fig. 10 which de-
scribes the development of an upper-level
low pressure region in central Queensland
during mid-July 1965. Similar incursions but
of rather less severity occur irregularly but
perhaps once every second year in the re-
cent climatic era. Usually associated with
cut-off low pressure regions off the east coast
(Fig. 10a) such situations may cause ex-
tensive snowfall in southern Queensland ex-
tending at times into elevated areas of the
tropical north (Fig. 10¢). During this event,
snowfall covered some 90,000 km? from
30°S to as far north as the highlands near
Mackay (21°S), which was perhaps the maxi-
mum equatorial penetration of snowfall re-
corded this century.

The variation of freezing level accompany-
ing the incursion is shown in Fig. 10b. From
huly 15 to July 18, the freezing level at
Cloncurry (CL), Charleville (C), and Towns-
ville (T) fell by 1200 to 2000 m. Figure 11
displays the drop in freezing level averaged
over five such polar incursions. Although
the average fall is a little less than that of
the extreme case a mean lowering of some
magnitude occurred over much of the tropi-
cal north of Australia.

It will be argued that one could expect

‘the polar incursions to be more prevalent

during the last glaciation and that such
évents may have been extremely important
in determining paleoenvironments in tropical
Australia.
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Effects of Changes in Climate Controls

The increase in tropical land area. The
existence of a land bridge joining northern
Australia and New Guinea and the exposure
of much of the northwest shelf points to-
ward changes in the paleoenvironment of
tropical Australasia which may be inferred
without recourse to any major change or
displacement in the basic features and driv-
ing mechanisms of the atmosphere. in any
event, it is worth viewing paleoecological
evidence simply as a product of a local con-
sequence of sea-level reduction before in-
voking models which involve changes in the
global oceanic and atmospheric siructure.

The sea-surface temperature of the trop-
ical oceans possesses a profound and com-
plicated influence upon the global circula-
tion of the atmosphere and we therefore ex-
pect some influence in the Australasian
region. The summer surface temperatures
in the tropical north are generally 4°C higher
than in winter. Considering the Timor Sea
region, Van Andel and others (1967) spec-
ulated that the sea-surface temperature
would be appreciably cooler as the warm
current through Torres Strait would be
blocked and thus allow a greater incursion
of the ceold waters northward up the coast
of western Australia. Such an effect would
be maximized in winter when the flow
through Torres Strait is warm and westward,
although at all times of year one could ex-
pect the temperature on the western side of
the continent to be considerably cooler than
on the east at a given latitude. Stronger and
more equatorward Ice Age westerlies as
have been advocated by various authors
{(Lamb, 1961) would also increase the cold
water incursion up the western coast of Aus-
tralia and render the climate of the western
and northwestern coasts of the late Quater-
nary Australia similar to the western coast
of the present South America. Without a
Torres Strait there would be no alleviation
of an increased cold water flux. Such mod-
ifications would probably extend through the
summer and render the Timor Sea and east-
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FI1G. 9. (a) Mean height of the freezing level (F) over Australia (decameters). (b) Annual course of freezing
levels at selected stations. A, Alice Springs; B, Brisbane; C, Charleville; CL., Cloncurry; D, Darwin; T, Towns-

ville; L, Lae.

ern Indian Qcean relatively free from synop-
tic and subsynoptic scale tropical dis-
turbances, the sea-surface temperature be-
ing generally too cool for their generation or
maintenance.

In summary, given the late Quaternary
land and sea distributions plus possibly

lower sea-surface temperatures to the wesi
and northwest of Australia and assuming
an atmospheric circulation pattern similar to
today, the following inferences may be
made.

(i) Tropical cyclogenesis and the effect of
tropical cyclones in the whole region were
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reduced considerably. This is partly caused

by the elimination of the Gulf of Carpentaria

as a cyclogenetic area and by the cooler sea
surface, especially in the western regions.

(i) Owing to the distribution of tropical
rainfall and the reduced availability of heat
and moisture sources for maintaining smaller
tropical disturbances, as well as tropical
cyclones, the rainfall was greatly reduced
along the present northern coastal belt.
Much of the area was then more dependent
on the summer thunderstorm activity for its
precipitation. The climatic state of regions
north and northeast of the present Arnhem
Land may well have been similar to the pres-
ent conditions of the climatic districts Vic-

Fi1G. 9. Continued

toria (14F) and Roper—McArthur (14DE).
An annual precipitation of approximately
half the present total may have been char-
acteristic (Fig. 5).

(iii} Rainfall in the western areas would
have been lower with a possible extension
of the patterns of the present East Kimberley
(2) and Victoria (14F) districts towards the
northwest. As mentioned above, the present
prevalent tropical cyclone activity of the
Timor Sea would be markedly reduced or
possibly eliminated by the probable ocean
current variation in the region.

The geographic character of the great ex-
posed plain between the present coasts of
northern Australia and New Guinea would
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Fig. 10. {a) The upper chart shows the mean sea-level pressure distribution in millibars for 2300 GMT on
July 19, 1965. The lower chart is the corresponding one at the 500-mb level. Full lines are contours of geo-
potential (decameters) and dashed lines are isotachs (knots}; in the tropics, contours are replaced by streamlines

showing wind flow in the direction of the arrows. (b) Freezing level height anomaly (AH) (decameters) for the then a more contine ¥
period of cold outbreak shown in Fig. 10a at Charleville, C; Cloncurry, CL; Darwin, D: and Townsville, T. that southerly flows :
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mass. Thus the Mt. |
to depend less upon

have been largely determined by the climate  swamps in low lying areas? leading to a geog- south and southeast t
controls discussed above but may also have raphy similar to the African Lake Chad west circulation. By
been modified by the drainage pattern of the could receive higher!

Gulf and of New Guinea. Streams may have 1 g,ppested by Nix and Kalma (personal communi, |  Southeast although p
traversed the plain and formed lakes or 1977). northwest as well. N




tribution in millibars for 2300 GMT on
b level. Full lines are coutours of geo-
cs, contours are replaced by streamlines
ight anomaly {AH) (decameters) for the
y, CL; Darwin, D; and Townsville, T.
ed). Crosshatched area had heavier falls.

low lying areas” leading to a geog-
lar to the African Lake Chad

by Nix and Kalma (personal communi.,

-~

LATE QUATERNARY CLIMATES OF AUSTRALASIA

JULY 1985

L " L L N
14 15 16 17 18 19 20 21 22

297

T
145°

-10° -

203

309

c

FiG. 10. Continued.

region. The local increase in available mois-
ture may well have influenced the local
thunderstorm activity.

The variation of ancient snow lines with
longitude and the orientation of the New
Guinea highland cirques can be interpreted
in terms of the location of the increased
exposed land area. For example, Galloway
et al., (1973) have proposed that the higher
snow line in the west suggests that the in-
creased aridity of the low latitudes during
the last glacial age was more evident in the
west than in the rest of New Guinea in-
dicating different moisture sources (or air
mass trajectories) for various parts of the
New Guinea Highlands. Gentilli (1961) in-
dicates that Mt. Jaya would lie in what was
then a more continental region (Fig. 1a) so
that southerly flows would have restricted
maisture content after crossing the dry land
mass. Thus the Mt. Jaya area would have
to depend less upon precipitation from the
south and southeast but more from a north-
west circulation. By contrast Mt. Wilhelm
could receive higher precipitation from the
southeast although possibly some from the
northwest as well. Note that currently Mt.

Jaya exhibits a substantially wetter climate
than does Mt. Wilhelm.

It appears that the effects of the increased
land areas in tropical northern Australia were
fundamental in determining the local climate.
However, away from the exposed regions
the changes must result from other factors.

FiG. 11. Anomaly of freezing level (decameters) at
indicated stations (Fig. 1) averaged for five cold out-
break situations.
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That is, we are eventually faced with con-
sideration of the influence upon local climates
of the gross changes of the global climate.

Variation of the axes of the main pres-
sure belts and the positioning of atmospheric
long waves. Considerable evidence has been
advanced to suggest that during the maxi-
mum of the Ice Ages the midlatitude zonal
westerly winds of the Northern Hemisphere
expanded or migrated equatorward by as
much as 10 to 15° of latitude (e.g., Flohn,
1952, 1953). This may have been caused by
the increase in thermal gradient between
equator and pole which is consistent with
the equatorward extension of sea ice. As
the ice buildups were nonuniform in longi-
tude, variabie latitudinal temperature gra-
dients around the hemisphere must also
have been produced. The result would have
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been to cause a meandering westerly max;.

mum, or, in other words, stationary Wwaveg

of different orientation to those of today,
We expect that the stationary wave pat-

tern in the Southern Hemisphere would pe -

simpler than in the Northern Hemisphere_
Ice buildup over land areas excluding
Antarctica was smail and the effects of the
non-ice-covered midlatitude contineng
would have been relatively small, as they
are today. The most significant change i
the structure of the Southern Hemisphers
was the equatorial extent of the sea ice which
was probably an average of 10° equatorward
of its present location (CLIMAP). Total seg-
ice area was estimated to be in excess of
35 x 10% km® which is larger by a factor of
2 than at present. The increase was not unj-
form about the Antarctic continent but ex-
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180°

Fia. 12. The Southern Hemisphere showing winter sea-ice extent for the present and giacial maximum eras.
Stippling displays the excess of winter sea ice and hatching the permanent ice caps at the glacial maximum.

Letters indicate islands (see legend to Fig. 13).
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tended further equatorward in the Eastern
Hemisphere than in the west, Figure 12
shows a comparison between the present
late winter ice limit and the 18,000-yr B.P.
CLIMAP determination. The region of larg-
est extent corresponds to the elevated sec-
tion of eastern Antarctica although it is not
gnown by how much the ice dome exceeded
its present 4000-m thickness.

An enlarged sea-ice extent is physically
consistent with a stronger and more equator-
ward westerly wind regime in midlatitudes
by the fact that the ice extent would enhance
the latitudinal temperature gradient. Obser-
vationally, Streten (1973) has provided some
evidence that the strength of the present
gouthern Ocean surface westerlies is posi-
tively correlated with the equatorward
location of the ice margin. Gates (1976)
shows similar results from a general cir-
culation model using CLIMAP boundary
conditions.

An immediate consequence of stronger
and more equatorward westerly winds is to
increase the incursion of cold midlatitude
water into the tropics along the sides of the
castern Southern Hemisphere oceans. This
is because the circumpolar ocean current,
which coincides with the band of maximum
westerlies, would also move further north
and thus impinge upon the west coast
of Australia. In this manner, Australia
becomes an effective mechanical barrier to
the current causing a northward deflection.
Furthermeore, it can be argued from momen-
tum conservation arguments that the strength-
ening and equatorial movement of the west-
erlies must be accompanied by stronger
tropical easterlies. Stronger easterlies would
increase the upwelling of cold bottom water
at low latitudes as the easterly winds move
off the west coast of the continent. The
CLIMAP reconstructions indicate consider-
able longitude asymmetry in sea-surface
temperature cooling with maximum coolings
occurring in the eastern oceans.

Stronger westerlies might also be ex-
pected to produce larger amplitude perturba-
tions of the atmospheric flow when incident

upon the mountain ranges® of the Southern
Hemisphere and when flowing over the dif-
ferentially heated land and ocean regions.
Such an effect could be expected even
without a change in the surface orography.
However, as we have noted in Fig. 12, a
considerable asymmetry has been indicated
in the sea-ice extent at {8,000 yr B.P. Con-
sequently not only may we expect larger
amplitudes in the standing waves, we can
also expect changes in phase. Gates (1976)
shows considerable difference in the mean
surface trough and ridge structure compared
to the present day.

CONSISTENCY WITH REGIONAL
CLIMATES

So far, for tropical Australasia, we have
attempted to provide some physical argu-
ments to explain the existence of a cooler
dry tropical climate for a specific geographical
region during the peak of the Wiirm-—Wis-
consin glaciation although there is strong
evidence that aridity was a feature of the
entire tropics (Williams, 1975). The extent
of the aridity seems consistent with the cal-
culations of Newell et al. (1975) who sug-
gest lower average global rainfall at the maxi-
mum of the glaciation on the basis of cal-
culated radiative heating rates and the energy
balance of atmospheric columns. Kraus
(1973) also suggests that decreases in rain-
fall at about 20,000 yr B.P. would follow
from the presence of a presumed lower
evaporation rate, a factor which he believes
follows frem an overall cooler climate.

Two regional climates appear anomalous
when inserted into the continental scale
scenario described above. These are the
glaciated highlands of New Guinea and the
apparent aridity of the southern part of Aus-
tralia. We will use these two examples (o
test the consistency of the overall climate
model.

$ To be more precise it can be shown to first ap-
proximation, the amplitude of a perturbation in the
westerlies caused by an obstacle such as a mountain
barrier is proportional to the slope of the mountain
and the strength of the incident flow (e.g. Webster, 1972).
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The Late-Quarternary Climate of Southern
Australia

There is considerable evidence for lower
effective rainfall in southern Australia. The
review of Bowler er al. (1976), the earlier
studies of Galloway (1965), and Bowler
(1973), together with the Wyrie Swamp data
of Dodson (1977) all indicated that at the
height of the glaciation the climate over
southeastern Australia was colder and ef-
fectively drier than at present. This evidence
is based primarily on the interpretation of
ancient lake levels and on the glacial geo-
morphology of the Australian Alps. Such
aridity is difficult to reconcile with a
stronger, or at least more equatorward west-
erlies, and a sea-ice extent reaching 50°S
in winter.

In the present climate regime, average
annual rainfall for coastal districts (where
topography is not extreme)}increases almost
linearly with Ilatitude at the northern
fringe of the westerlies between latitude 30
and 40°8 (Fig. 13). Poleward of about lati-
tude 45°S the few sub-Antarctic island pre-
cipitation measurements that exist indicate
somewhat lower annual figures. We con-
sider, as an analog, the present precipita-
tion at the sub-Antarctic islands which lie
in the broad stream of the westerlies some
6 to 10° northward of the existing winter
sea-ice margin. The available data (reviewed
by Streten, 1977) point to a very uniform
seasonal distribution with annual totals
somewhat less than similarly exposed sta-
tions at around 45°S (e.g., Maatsuyker Is.
and Cape Sorell in Fig. 13). Referring to
Fig. 13, we postulate that rainfall at the
time of maximum glaciation over the exposed
continental edge of southeastern Australia
from 35 to 40°S was similar to that presently
experienced at around 45 to 50°S. That is,
we could have expected around 800 to 1200
mm annually compared with 500 to 900 mm
at present. If lower total moisture existed
in the atmosphere at the time of the glacia-
tion, these estimates would have been re-
duced as inflow of moist air from low lati-

tudes during disturbed times in midlatitudeg
is usually required for high rainfall. FUrther
the increased land area of Bass Strait WOuld
tend to decrease the maritime aspect of ; it
climatology and increase its contmentahty

In summary, consideration of the presey;
rainfall regime at higher latitudes and topq.
graphical changes in southern Australia sug-
gests that annual rainfall over southeaster
Australia at the time of the glaciation wag
either the same as at present or greater
However, we note that at the present time,
greater cloudiness exists at high latitudes
than in southeastern Australia so that we
could expect more effective rainfall (i.e.,
because of less evaporation) over the south-
eastern Australian region during the glacial
period than at present. Overall it is difficult
to account for the much drier conditions
indicated in southeastern Australia if only
an equatorward extension of the zonal west-
erlies is considered.

It appears necessary to postulate some
further special condition over southeastern
Australia in order to explain the differences
between the expected wetter climate and
the observed aridity. One possibility is a
glacial age enhancement of the amplitude
(and perhaps slight eastward displacement)
of the hemispheric longwave pattern in the
atmosphere over the region. This would re-
sult in a semipermanent ridge pattern in the
upper weslerlies (which is consistent with
more frequent surface anticyclones) over the
eastern part of the continent and intensified
troughs in the Indian and western Pacific/
Tasman region {(consistent with more fre-
quent cyclones or disturbances). Persistence
of such a long-wave flow pattern as portrayed
in Fig. 14 would suggest that southeastern
Australia would be under a predominantly
northwesterly circulation with most pre-
cipitating disturbances being diverted over
and south of Tasmania to the southeast with
fewer incursions over the continent than
would occur at present with the presently
existing long-wave pattern. Such a pattern
is consistent with the studies of the cirque
orientations associated with Tasmanian
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snowfall of the most recent glaciation
(Derbyshire, 1971). The southeastern part
of Australia would experience frequent high
pressure systems, and, in general, air tra-
jectories would be from the dry interior of
the continent.®

* In the present climatic regime of the South-
ert Hemisphere only small seasonal varia-
tions are evident in the weakly developed
wave paiterns at midlatitudes. The most
notable change in the circulation pattern
from winter to summer is at Australian longi-
tudes where a southward retreat of over 10°
of latitude occurs in the axis of the high
pressure belt; elsewhere, the patterns of
change are much smaller. The southward
extension of the high pressure belt in sum-
mer over the Australian region is accompanied
by an eastward extension of the Indian Qcean
subtropical anticyclone from a center
at 70°E in winter to around 85°E in summer.
Both of these effects result from the in-

¥ Such a climatological pattern was persistent during
the very dry winter of 1972.

-] 10 20 30
LATITUDE °S

40 50 60

F1G. 13. Variation of annual rainfall with latitude for three exposed coastlines. Numbers refer to rainfall districts
in Fig. 1. Cape Sorell (S) and Maatsuyer Is. (M) are also shown in Fig. 1. Southern occan island locations shown in
1 Fig. 12 are A, Amsterdam Is.; C, Campbell s.; CH, Chatham Is.; K, Kerguelen Is.; MC, Macquarie Is.

fluence of the Australian—Asian monsoon.
If, during the glacial period, the northern
Australian summer monsoon circulation was
weaker, as discussed earlier, then a slightly
higher glacial-age pressure (resulting from
the weaker monsoon trough) over lower lati-
tude Australia would lead to a restriction
of the southward migration of the subtropical
high pressure belt. Further, it is unlikely
that the sea ice would retreat either as rapidly
or as far poleward as now occurs in summer.
The anomalous ice extent would be main-
tained in east Antarctica so that strong tem-
perature gradients would continue to exist
over the Southern Ocean, and winter cir-
culation would be dominant at the latitudes
of southern Australia for a much greater part
of the year than at present. Thus, it seems
possible that the proposed long-wave pattern
of Fig. 14 could be maintained throughout
much of the year.

The proposed long-wave pattern appears
to correspond to anomalous precipitation
regimes in the present climate. Webster and
Streten (1972) using an analysis of some 60




WEBSTER AND STRETEN

b

FiG. 14, Hypothetical Tce Age smoothed long-wave flow pattern for the Southern Hemisphere in winter 3::

(a)} at mean sea level and (b) at the 500-mb level.

yr of district rainfall showed that anomalous
mean seasonal precipitation regimes were
correlated with variations in the mean axes
of the subtropical high pressure systems.
Using recent data they showed that low
rainfall in northern Australia (i.e., rainfall
districts 1,2,3, . . . 14GA and etc. of Fig. 1)
correlated well with low rainfall in southern
Australia (districts 9, 9A, 26, 90, and etc.
which possess westward exposure).'® The
occurrence of rainfall anomaly coincided
with a more southern and westward displace-

10 This corresponds to Webster and Streten’s Type 2
precipitation-ridge distribution (1972).

ment of the high pressure belts at the longi-

tudes of southern Australia.

The long-wave patterns envisaged for .
southern Australia are also consistent with -
the wind trajectories suggested by Bowler
(1975) in order to explain the southern Aus-
tralian lunettes and linear dunes which were .
active during the last glaciation. Bowler -
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qummer. We thus extend Bowler's argu-
ment by suggesting that the winter precipita-
iion would also be less if a trough ridge
structure similar to that of Fig. 14 prevailed
during the glacial maximum. Figure 12 in-
dicates that the greatest difference between
the present and 18,000-yr B.P. CLIMAP ice
extents lies in the Indian Ocean sector. Thus
it is there that an associated atmospheric
circulation pattern different from the pres-
ent might be expected. The marked pole-
ward retreat of the CLIMAP 18,000-yr B.P.
ice edge between about 150°E and 170°W
(Fig. 12) is clearly suggestive that a more
pronounced ridge pattern then existed over
the longitudes of southeastern Australia.
Thus, an intensified trough ridge pattern
over the Indian Ocean— Australia region an-
chored by the anomalous ice extent (which
is itself a probable consequence of the
northward extension of the Antarctic con-
tinent in these longitudes), would cause the
rain-producing disturbances of the wester-
lies to be ducted to the Southeast.

In summary, ridge-trough redistribution
suggested above as a consequence of the
anomalous sea-ice extension in the Eastern
Hemisphere agrees well with the ridge orien-
tation necessary to provide a drier southern
Australia. Furthermore it agrees with the
position of the major trough-ridge systems
that have occurred during anomalously dry
years in southern Australia in recent years.

The intensified trough in the Tasman/
sonthwest Pacific region downstream of the
fidge over eastern Australia would lead to
frequent cold outbreaks northward along the
continental east coast and occasionally into
the tropics. A similarity may be noted be-
tween the broad surface and upper air
trough-ridge orientation pattern shown in
Fig. 14 with the cold outbreak situation of
Fig. 10 when snow accumulated as far north
as the highlands near Mackay.

The New Guinea Highlands Glaciation

The substantial glaciation in the higher
tanges of New Guinea poses a number of
Important problems for paleoclimatic re-

construction. Most important is the manner
by which the glaciers and extremely low
snow lines could be maintained in a region
of high insclation in what was probably a
generally drier climatic regime. The glacia-
tion is important from another point; it em-
phasizes inconsistencies between various
proxy data determinations, in particular be-
tween the CLIMAP determination of sea-
surface temperature in the New Guinea
region and the paleogeomorphological evi-
dence from the highlands themselves.

The discrepancies may be summarized as
follows. CLIMAP, on one hand, suggests a
sea-surface temperature in the eastern New
Guinea region of about 26°C, a reduction of
2°C from the present value. The glacial and
snow line data, on the other hand suggest
a reduction of nearly 7°C for the highlands.
Such reductions are substantiated by vegeta-
tion remnants; the inferences from which
are summarized in Fig. 3. Figure 3 further
indicates that the temperature reduction was
not confined to the higher peaks but that it
was also a feature of at least the lower high-
lands below the snow level. In this regard
the data from Sirunki (2500 m), Komabhi-
mambuno Mire (2740 m), and from lower
Mt. Jaya (2000—-4000 m) are of significance.

The inconsistencies between the two sets
of data are substantiated in Figs. 15 and 16,
In Fig. 15, the freezing level is determined
starting at the present surface temperature
(A) and the CLIMAP surface temperature
(B) for a realistic estimate of the glacial-
age temperature profile as approximated by
that of Lae and an extreme cstimate as ap-
proximated by that of Charleville, i.e., typical
of the air mass almost 20° to the south.
The results, summarized in Table 1, indicate
that a CLIMAP sea-surface temperature is
consistent with a freezing level some 1000 m
higher than ‘“‘observed’ ancient freezing
levels using the Lae estimate or 500 m using
the Charlevilie lapse rate estimate. Figure
16 and Table 2 show the reverse procedure
where the surface temperature is deter-
mined by using the same assumptions but
starting with the “‘observed’’ ancient freez-
ing levels of Mts. Wilhelm and Jaya. This
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FiG. 15. Estimated freezing levels: L, present surface temperature and lapse rate at Lae; 0, Ice Age sea-
surface temperature and realistic (Lae) lapse rate; and C, Tce Age sea-surface temperature and conservative

{Charlesville) lapse rate (see text and Table 1}.

procedure results in temperature some
5°C cooler than the CLIMAP estimates.

From a strictly thermodynamical per-
spective it is difficult to envisage a situa-
tion where a cold anomaly of a magnitude
of § to 7°C could be maintained in the atmos-
phere without gravitational instability caus-
ing the colder {and denser) air to mix down
through the atmosphere. Figure 3 indicates
significant cooling as low as 2500 m (Sirunki)
which would cause a lapse rate of near dry
adiabatic magnitude which is impossible to
maintain in a moist atmosphere. Conse-
quently it would appear that the difference
in the reduction of the highland temperatures
and those at the surface contain an apparent
physical paradox. It may be explained in
terms of an error in interpretation of proxy
climatological data or in terms of a neglected
physical phenomenon. For example, we may
suggest:

(i) The CLIMAP reconstructions in the
vicinity of New Guinea were such as to pro-
vide an overestimate of sea-surface tempera-
tures by at least 5°C.

(ii) The interpretations of the glacial and
paleobotanical record are incorrect and have
resulted in an underestimate of the elevated
surface temperature by about 5°C.

(iif) The vertical lapse rate (i.e., the varia-
tion of temperature with height) and the at-
tendant thermodynamics which control it
were somehow different during the last
glacial period than at present.

(iv) The temperature of the atmosphere
over a tropical land mass such as New Guinea
and the air mass over the oceans are un-
related.

(v} The local modification of the atmos-
phere adjacent to the highlands by the pres-
ence of ice and snow was insufficient to lower

the temperatures a
potanical and glaci
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sea level caused su
tion to modify the clf
regiomn.

(vii) The circulat
phere, the source

on the New Guinea
different from the
Points iii, iv, v,
The thermodynam%
atmospheric strucy
governed by strict 1
the vertical tempey
to moist adiabatic
were drier, as indi
perature —height d

(Kn_ﬂ

HEIGHT

F1G. 16. Estimated
(see text and Table 2




'\ JAYA FZL
KL
X

re and lapse rate at Lae; 0, Ice Age sea-
sea-surface temperature and conservative

- CLIMAP reconstructions in the
f New Guinea were such as to pro-
verestimate of sea-surface tempera-
at least 5°C.

> interpretations of the glacial and
wnical record are incorrect and have
n an underestimate of the elevated
emperature by about 5°C.

e vertical lapse rate (i.e., the varia- '

mperature with height) and the at-
thermodynamics which control it
mehow different during the last
=riod than at present.

e temperature of the atmosphere
pical land mass such as New Guined
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jacent to the highlands by the pres-

e and snow was insufficient to lower

the temperatures as indicated by the paleo-
potanical and glacial data.

(vi) Variation in the geomorphology of
the region due either to tectonism or ex-
posure of marine beds by the retreating
sea level caused sufficient circulation varia-
tion to modify the climate of the New Guinea
region.

(vii) The circulation of the tropical atmos-
phere, the source of moisture, or the ef-
fect of the circulations at higher latitudes
on the New Guinea climate were significantly
different from the present day.

Points iii, iv, v, and vi may be dismissed.
The thermodynamics which determine the
atmospheric structure in the vertical are
governed by strict physical laws. We expect
the vertical temperature profile to be close
to moist adiabatic even if the atmosphere
were drier, as indicated by the winter tem-
perature—height diagrams of Darwin, Clon-
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curry, and Charleville shown in Fig. 7. We
also expect similarity between the tem-
peratures above the adjacent ocean regions
and at corresponding levels on elevated ter-
rain. This was shown for the present climate
in Fig. 8 between Lae and Mt. Wilhelm and
is true for nonglaciated or nonsnow-covered
terrain. For surfaces with a high albedo
(such as the ancient snow-covered Mt. Wii-
helm) the temperature may have been lower
due to the reduced net radiation at the sur-
face but this does not explain the similar
lower temperatures at lesser elevations as
shown on Fig. 3 (see the Sirunki and Koma-
himambuna Mire data) which are below the
ancient snow lines and glacial snouts. Lastly,
the effect of tectonism was most certainly
small compared to the climatic influence of
increasing the land area which produced a
more arid tropical north.

It is unlikely that the land-based proxy

i\ i
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F16. 16. Estimated surface temperature from **observed’” Ice Age freezing levels on Mt. Jaya and Mt. Wilhelm

{see text and Table 2).
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TABLE 1

SUMMARY OF FI1G. 15 SHOWING THE FINAL FREEZING LEVEL ASSUMING AN ASCENT FROM VARIOUS SURFac
TEMPERATURES UJSING THE MoRE REaLIsTIC LAE SOUNDING (L AND O)
AND THE CONSERVATIVE CHARLEVILLE SOUNDING (C)*

Surface temperature

Assumed lapse rate Freezing level

Symbol °C) (from Fig. 7) (m)
L 27 (Present) Lae 4800
0 23 (CLIMAP) Lae 4500
C 23 (CLIMAP) Charleville 3950

« Conservative estimates of the CLIMAP temperature were used with twice the observational error sub-

tracted from the temperature indicated in Fig. 2.

data were all in error by some 5°C (point
ii). Data were obtained from many sites
which would minimize random errors in the
determinations. Large amplitude systematic
errors of such a magnitude appear unlikely.

Only three possibilities are left. CLIMAP
could be in error (point i), the circulation
features may have been different (point vii),
or a combination of the two points may have
combined to provide indications of different
climatic regimes. Although CLIMAP sea-
surface temperature data for the western
South Pacific are not in agreement with some
earlier general estimates (e.g., Lamb, 1961;
Heusser, 1966), they are internally consis-
tent with the other measurements on a global
scale and are thus not easily dismissed,

If Gates’s (1975) determination of the
tropical mean circulation is accurate and it
was similar to the present situation, then
for point vii to be correct, differences in

circulation must have occurred on time -

scales less than seasonal. That is, atmos-
pheric circulation features would be re.
quired to operate frequently at time scales
less than seasonal which would provide pre-
cipitation (snow} to the New Guinea High-
lands and allow the freezing level to be re-
duced by at least 1000 m also at regular in-
tervals. A possible circulation feature is the
polar outbreak in the eastern Australian
region. We have previously argued that we
expect more disturbances at higher latitudes
to propagate to low latitudes as a conse-
quence of the general equatorward move-
ment of the belt of westerlies. If the dis-
turbances maintained their present structure
although allowing for the general equator-
ward displacement of weather systems, we
may be able to associate reductions in freez-
ing levels, which now occur at Charleville,
with what may have occurred in the New
Guinea region some 18,000 yr B.P.
Finally, it should be stressed that the pro-

TABLE 2

SUMMARY OF FIG. 16 SHOWING THE FINAL SURFACE TEMPERATURE ASSUMING A DESCENT FROM THE
JAYA AND WILHELM FREEZING LEVELS USING THE MORE REALISTIC LAE SOUNDING
(L1 AxD L2) AND THE CONSERVATIVE CHARLEVILLE SOUNDING )

Surface temperature

Sounding Initial freezing level Assumed lapse rate Magnitude
symbol (m}) {from Fig. 7) Symbol {0
L1 ‘ Mt. Jaya 3650 Lae Al 19
L2 Mt. Wilhelm 3500 Lae Bl 17
C1 Mt. Jaya 3650 Charleville A2 20.5
C2 Mt. Wilhelm 3500 Charleville B2 19
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osed trough-ridge structure which is con-

sistent with the drier conditions in south-
ern Australia is conducive to propagation
of disturbances equatorward through the
western Tasman Sea. Such outbreaks would
affect the eastern New Guinea Highlands.
A prolonged trajectory of the cold midlati-
tude air across the exposed land area of
what is now the Gulf of Carpentaria and
the Timor Sea would occur before its inci-
dence with the elevated terrain in western
New Guinea. This could account for the
lower snow line on Mt, Wilhelm than on
Mt. Jaya.

From consideration of these points it
would seem that the most likely explanation
lies in some form of circulation reconstruc-
tion along the general lines of that shown
in Fig- 14. This accommodates most of the
proxy data from continental Australia and is
at least qualitatively in agreement with what
may be inferred about the general hemi-
spheric circulation from the presently avail-
able evidence.

It should be emphasized that the cool tem-
peratures that existed at the Sirunki and
Komahimambuno Mire site in the lesser ele-
vations of the New Guinea Highlands cast
some doubt that the intrusions of cold air
from higher latitudes forms the complete
solution to the puzzle. Whereas it is pos-
sible for the snow line to be maintained be-
tween the infrequent visits of cold air, it
would seem more unlikely that the vegeta-
tion at a level of 1 km below the snow line
to be only a function of the midlatitude in-
cursions. Consequently, one cannot com-
pletely ignore the possibility of errors in the
CLIMAP determination as being partly re-
sponsible for the apparent paradox.

CONCLUDING REMARKS

The present discussion has attempted to
oufline some of the apparent paradoxes in
the proxy data on the late Quaternary glacial
¢limate of Australia. Explanations have
been advanced for some of these problems
interms of both local effects and broad scale
hemispheric circulation features. In par-
ticular the ideas of Bowler (1973, 1975) have
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been extended by a proposed change in the
amplitude and position of the hemispheric
long-wave pattern particularly over the In-
dian Ocean and the southwestern Pacific
region. Such a pattern, which is consistent
with what can be inferred from CLIMAP
data of hemispheric ice extent, agrees with
lower precipitation in both winter and sum-
mer over continental Australia and allows
considerable precipitation over Tasmania
and New Zealand, in particular in winter.
It allows for frequent cold outbreak condi-
tions over the eastern Australian coast which
in turn would provide nourishment for the
southeastern continental ice caps and per-
mit periodic influxes of cold air into the New
Guinea Highlands. The latter process goes
some way to explaining the apparent incon-
sistency of CLIMAP-derived sea-surface
temperature over the southwestern Pacific
and the observed height of the freezing level
in the New Guinea mountains. However
we have noted that the lower New Guinea
Highland data appear difficult to reconcile
solely as a function of cold air incursions.

The results of the most recent experi-
ments with a numerical global general cir-
culation model attempting to simulate the
Ice Age circulation, given the CLIMAP de-
rived boundary conditions of sea-surface
temperature and surface albedp, have been
published while this paper was in prepara-
tion (Manabe and Hahn, 1977). These reveal
some degree of similarity with the sugges-
tions which we have made in relation to the
glacial age broadscale winter circulation of
the Southern Hemisphere.
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