Early to Middle Miocene monsoon climate in Australia
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ABSTRACT

The present-day Australian monsoon delivers substantial moisture to the northern regions
of a predominantly arid continent. However, the pre-Quaternary history of the Australian
monsoon is poorly constrained due to sparse and often poorly dated paleoclimate proxy evi-
dence. Sedimentological and paleontological data suggest that warm, humid, and seasonal
environments prevailed in central and north Australia during the Miocene, though it is
unclear whether these were products of the Australian monsoon. We perform a series of sen-
sitivity experiments using an atmospheric general circulation model, combined with an offline
equilibrium vegetation model, to quantitatively constrain the areal extent of the Miocene
monsoon. Our results suggest a weaker than modern monsoon climate during the Miocene.
This result is insensitive to atmospheric CO,, although somewhat sensitive to vegetation inter-
actions and the presumed distribution of inland water bodies. None of our Miocene experi-
ments exhibit precipitation rates greater than modern over north Australia, in disagreement
with paleoclimate record interpretations. Vegetation modeling indicates that inferred precipi-
tation values from fossil flora and fauna could only support Miocene vegetation patterns if
atmospheric CO, was twice the modern concentration. This suggests that elevated CO, was

critical for sustaining Miocene vegetation.

INTRODUCTION

The arid climate of present-day Australia is
ameliorated by the summer monsoon, which
delivers substantial moisture to the northern
regions of the continent. Due to limitations in
the temporal and spatial resolution of paleocli-
mate records, studies of the paleo-Australian
monsoon have focused on the late Quaternary
(e.g., Miller et al., 2005; Wyrwoll and Valdes,
2003). Therefore, while it is believed that the
Australian monsoon existed by the Neogene,
little is known of its pre-Quaternary dimensions
or intensity (Bowman et al., 2010).

During the Early to Middle Miocene, a period
of well-documented global warmth (e.g., Wan et
al., 2009; You et al., 2009), Australia was ~8°
south of its current position. Nevertheless, sedi-
mentological and paleontological data suggest
that warm, humid, and perhaps seasonal envi-
ronments existed in central and north Australia
(e.g., Macphail, 2007; Martin, 2006), though it is
unclear whether these were the result of a mon-
soon-dominated landscape. Significant drain-
age in central Australia last occurred during the
Middle Miocene (Quilty, 1994), with fossil flora
and fauna indicating permanent water bodies and
riparian rainforests (Alley, 1998; Benbow et al.,
1995; Martin, 2006; Quilty, 1994). Fossil flora
from central Australia suggest that conditions
were seasonally too dry to support rainforests
away from watercourses (Alley, 1998; Benbow
et al., 1995; Greenwood, 1996; Guerin and Hill,
2006; Macphail, 2007). However, in northern
and northeastern Australia, an abundant tropi-
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cal forest biota has been interpreted to repre-
sent widespread rainforest (Archer et al., 1994;
Travouillon et al., 2009). Despite the evidence
for increased effective moisture, quantitative
climate proxies from central and north Austra-
lia are sparse (Table 1), and much of the exist-
ing qualitative evidence is poorly constrained.
The Miocene therefore provides an appropriate
period to investigate the pre-Quaternary mon-
soon with numerical models.

Previous studies utilizing general circulation
models (GCMs) have demonstrated sensitivity
of the Australian monsoon to atmospheric CO,
(Suppiah, 1995) and vegetation (Miller et al.,
2005), parameters that are poorly constrained
for the Miocene (e.g., Pagani et al., 1999; You

et al., 2009; Wolfe, 1985). Inland water bodies
(Benbow et al., 1995; Martin, 2006) may have
also provided sources of atmospheric moisture
during the Miocene. Understanding the climatic
impact of these uncertainties is critical in con-
straining the antiquity of the Australian monsoon
and in developing a fuller characterization of the
history of Australian hydroclimatology. In this
study we perform a series of sensitivity experi-
ments using an atmospheric GCM and offline
vegetation distribution model to (1) determine
the extent of Miocene monsoonal conditions in
Australia, and (2) explore possible causes of the
reconstructed paleoclimate patterns.

EXPERIMENT DESIGN

The Community Atmosphere Model 3.1
(CAM; Collins et al., 2006) and Community
Land Model 3 (CLM; Vertenstein et al., 2004)
are used to examine the extent of monsoon
climate in Miocene Australia. Both models
are configured with a horizontal resolution of
~3.75° x 3.75° in latitude and longitude. Our
control simulation (MIO) is forced with topog-
raphy from Herold et al. (2008) with minor
alterations, the most significant of which is
the opening of the Tethys seaway. Vegetation
distributions in these experiments are fixed
based on those in Herold et al. (2010), includ-
ing broadleaf vegetation in north Australia,
shrubland in west Australia, and mixed veg-
etation in Central and southeastern Australia.
Atmospheric CO, is set to 355 ppmv, midway
between the majority of Miocene estimates and

TABLE 1. QUANTITATIVE CLIMATE PROXIES COMPARED WITH CONTROL SIMULATION MIO

Proxy location Paleo-latitude  Variable* Proxy MIO
Bullock Creek (Markwick, 2007) 25 CMMT >5°C 12°C
Dunsinanet 26 MAP 500-800 mm 595 mm
Kangaroo Well (Megirian et al., 2004) 29.7 MAT 14-20 °C 19.5°C
Kangaroo Well (Megirian et al., 2004) 29.7 MAP <600 mm 395 mm
Moranbah$ 30 MAP 950-1950 mm 820 mm
Northeast Australia (Feary et al., 1991) 17-31 SST ~18-21°C 19.5-25 °C
Lake Palankarinna (Markwick, 2007) 36 CMMT >5°C 6°C
Kiandra (Greenwood et al., 2004) 42 MAT 17.3°C 13.5°C
Kiandra$ 42 MAP 585-1198 mm 540 mm
Bacchus Marsh$ 45 MAT 10.7 °C 8.6 °C
Gippsland basin (Sluiter et al., 1995) 45 MAT 19°C 11.5°C
Gippsland basin (Greenwood et al., 2004) 45 MAT 17.1°C 11.5°C
Gippsland basin (Sluiter et al., 1995) 45 MAP 1500—-2200 mm 530 mm

*CMMT—Coldest month mean temperature; MAP—mean annual precipitation; MAT—mean annual

temperature; SST—sea-surface temperature.

TThe presence of a species-poor deciduous vine thicket at Dunsinane (Guerin and Hill, 2006) implies MAP
in the range 500—-800 mm at that site in the Late Oligocene to Early Miocene (Greenwood, 1996).
SBased on leaf area analysis (Greenwood et al., 2010) using data from Greenwood and Christophel (2005).
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equivalent to values used in modern CAM and
CLM simulations.

To simulate Miocene oceanic conditions we
employ a thermodynamic, mixed-layer ocean
model forced with mixed-layer depths and
heat fluxes from a Community Climate System
Model 3 (CCSM3; http://www.cesm.ucar.edu/
models/ccsm3.0/) simulation applying the Mio-
cene boundary conditions described here and
run to equilibrium. Each CAM-CLM experi-
ment is run for 75 yr with the mean of the past
30 yr used for analysis. We utilize a Student’s
T-test to establish statistical significance of the
changes and focus our discussion on features
that are significant to >95%.

Apparent increases in global chemical
weathering and erosion indicate a correla-
tion between warm Miocene climate and CO,
(Wan et al., 2009). Leaf stomata indices also
suggest that CO, was significantly higher than
present during the Miocene (Kiirschner et al.,
2008). However, alkenone-based proxies indi-
cate that CO, was lower than present (Pagani
et al., 1999). Given the equivocal evidence for
Miocene CO,, we compare MIO to a second
experiment with doubled CO, (710 ppmv,
called 2xCO2). To constrain the upper and
lower error introduced by inaccuracies in our
vegetation, we compare MIO with two addi-
tional experiments applying altered Australian
vegetation. In one experiment, C, grassland is
prescribed to the entire continent (GRASS).
In the other, broadleaf evergreen vegetation is
prescribed (TROPICAL). Finally, we test the
effect of an inland moisture source on mon-
soon climate by prescribing four grid cells
in central Australia as wetland (WETLAND;
Fig. 1F). A modern-day experiment, with a
CO, of 355 ppmv, is conducted for comparison
(MODERN).

To define regions of monsoon climate we use
the criteria of Zhang and Wang (2008), who clas-
sified a region monsoonal when (1) precipitation
rate during summer, defined as November to
March (NDJFM) in the Southern Hemisphere,
exceeds 3 mm/day, and (2) the ratio of summer
to annual precipitation is 55% or greater. Based
on modern observations, this method compares
well with previous definitions of the regional
monsoons (Zhang and Wang, 2008).

As vegetation in CLM is fixed, to determine
which CAM-CLM experiment supports a veg-
etation distribution most characteristic of the
fossil flora we apply temperature, precipitation,
and insolation data from each Miocene experi-
ment to BIOME4 (using the anomaly procedure
of Kaplan et al., 2003). BIOME4 is a biogeo-
graphical and biogeochemical vegetation model
capable of predicting the distribution of 27
vegetation types for modern and paleoclimates
(Kaplan et al., 2003). BIOME4 experiments are
run at a 0.5° resolution.
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RESULTS

We first compare our control Miocene experi-
ment (MIO) with Early to Middle Miocene
proxy data (Table 1). MIO is drier and cooler
than proxy values in southeastern Australia,
though shows closer agreement with proxy val-
ues in central and north Australia. This suggests
that the meridional temperature gradient in our
model is too steep, a result ameliorated by an
increase in CO,.

The monsoon domain in MIO is limited to
the northern fringe of Australia with an incur-
sion down the east coast (Fig. 1B). This incur-
sion extends farther south than present due in
part to lower albedo vegetation in northeastern
Australia in the Miocene compared to the pres-
ent. Lower continental precipitation in MIO
compared to MODERN is partly explained
by the location of the shear line (defined by
the zero contour of zonal wind; Fig. 1B). The
shear line delineates the boundary between dry
southerly winds and moisture-laden northerly
winds. While Australia is 7.5° farther south in
MIO compared to MODERN, the shear line is
not offset as far, thus reducing continental pre-
cipitation.

The 2xCO2 experiment shows little change in
shear line position and continental precipitation,
and thus the monsoon domain is similar to MIO
(Fig. 1C). The insensitivity of the shear line is
consistent with simulations of the present-day
monsoon (Suppiah, 1995).
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Figure 1. November to March precipitation (mm/day). Dot-
ted lines indicate monsoon regions (see text for details).
Solid red line indicates shear line. Box with X (in F) indi-
cates wetland.

Summer precipitation and monsoon domain
increase considerably in TROPICAL compared
with MIO (Fig. 1D). In GRASS, precipitation is
reduced to <3 mm/day over the entire continent,
resulting in a complete absence of monsoon
conditions (Fig. 1E). WETLAND exhibits an
increase in precipitation over southern Austra-
lia, though still remains below 3 mm/day. Con-
versely, precipitation decreases in northeastern
Australia, reducing the monsoon domain com-
pared with MIO (Fig. 1F).

Applying output from each Miocene experi-
ment to BIOME4 produces vegetation distri-
butions substantially drier than suggested by
fossil flora (Figs. 2B-2F). Each distribution
except that forced by output from 2xCO2 and
TROPICAL sees tropical and warm-temperate
forest contract toward the north and east coasts
compared to the modern, replaced mostly
with grassland and dry shrubland. Experiment
2xCO2 accommodates the warmest vegetation.

DISCUSSION

The monsoon domain exhibits a greater sen-
sitivity to vegetation than to a doubling of CO,
(Fig. 1). Comparing each Miocene experiment,
summer precipitation and monsoon domain are
greatest in TROPICAL. However, maximum
summer precipitation in TROPICAL is still two-
thirds that of MODERN. Mean annual precipi-
tation (MAP) over central and north Australia is
also lower in TROPICAL than MODERN. Thus
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Figure 2. BIOME4 (see text) experiments forced with temperature, precipitation, and insola-
tion data from each Community Atmosphere Model-Community Land Model experiment.
MODERN is calculated using baseline climatology provided for BIOME4. To facilitate com-
parison, predicted biomes are reduced to nine simplified biomes (according to Harrison and

Prentice, 2003).

none of our Miocene experiments are as wet as
the modern day, making the vegetation mosaic
interpreted from fossil flora difficult to explain.

The absence of a river and lake model in
CAM-CLM may partly explain deficient pre-
cipitation in our Miocene experiments, as well
as the vegetation mosaic interpreted from fossil
flora and fauna. Several lines of evidence sug-
gest that one or more inland water bodies of
considerable size existed in central Australia
(Benbow et al., 1995; Markwick, 2007; Martin,
2006; Quilty, 1994). More efficient drainage
(Quilty, 1994) may have permitted precipitation
in north Australia to sustain inland water bodies
as well as riparian forests throughout the Lake
Eyre catchment, removing the requirement for
high local precipitation (Megirian et al., 2004).
Wyrwoll and Valdes (2003) demonstrated that
insolation-driven amplifications of the monsoon
were associated with the formation of Pleisto-
cene mega lakes in north Australia. However,
the persistence of inland water bodies through-
out the Early to Middle Miocene requires a lon-
ger period change. Features distinguishing Mio-
cene geography from the present, mainly marine
transgressions across the Murray and Eucla
Basins (Langford et al., 1995), are not resolved
in our model, and might have some impact.

GEOLOGY, January 2011

Nonetheless, our results show that the effect
of inland moisture sources would have been
local and insufficient to constitute a monsoon
climate (Fig. 1F) or MAP greater than present.
The assignment of broadleaf evergreen vegeta-
tion in TROPICAL can also be interpreted as
an end-member result of infinitely efficient and
widespread drainage, under which the monsoon
domain expands significantly but still does not
produce precipitation rates exceeding mod-
ern day rates. However, if forest was sustained
mostly in riparian and lacustrine settings due to
favorable drainage and geography (e.g., Alley,
1998; Megirian et al., 2004), then high precipi-
tation may not have been necessary. Testing this
hypothesis should be the subject of future work.

Experiment 2xCO2 accommodates veg-
etation distributions most consistent with fossil
flora, supporting the view that extremely low
CO, (Pagani et al., 1999) was not biologically
conducive to Miocene vegetation (Cowling,
1999). Kaplan et al. (2003) observed a bias
toward broadleaf vegetation at high latitudes in
BIOMEA4; however, the overall dryness of the
simulated vegetation (Fig. 2), as well as proxy
records (Table 1), indicates that our CAM-
CLM experiments underestimate precipitation.
There is a 200 mm margin between the maxi-

mum 600 mm MAP reconstructed from fossil
fauna at Kangaroo Well (Megirian et al., 2004)
and the 400 mm simulated in 2xCO2. Similar
margins of 100-200 mm/yr exist between our
2xCO2 experiment and proxy data at Dunsin-
ane and Moranbah. These three locations offer
the only quantitative estimates of MAP in cen-
tral and north Australia. Additional modeling
with BIOME4 shows that a continent-wide
MAP increase of 200 mm to the 2xCO2 experi-
ment, distributed evenly across each month,
removes desert from central Australia. This
allows savanna and dry woodland to dominate,
though tropical forest remains absent from
north Australia (Figs. 1G and 2G). This pattern
is compatible with data suggesting that rain-
forest was restricted to lacustrine and riverine
environments and that open forest or woodland
dominated the interfluves (Alley, 1998; Guerin
and Hill, 2006; Macphail, 2007; Megirian et
al., 2004). An increase in MAP of 200 mm to
each other Miocene experiment sees the conti-
nental interior dominated by grassland and dry
shrubland (not shown), suggesting that elevated
CO, was important for sustaining Miocene
vegetation. Interestingly, we find that growth
of tropical forest across north Australia compa-
rable to previous interpretations (Archer et al.,
1994; Wolfe, 1985) requires an increase in MAP
of 700 mm in the 2xCO2 case; this is larger than
available quantitative estimates and almost dou-
ble the simulated precipitation. Interpretation of
extensive rainforest in north Australia during the
Miocene from fossil fauna may therefore be the
result of preferential fossilization in riparian and
lacustrine settings, as well as a broad definition
of rainforest (Greenwood, 1996), and may not
be representative of the wider environment.

CONCLUSIONS

While parts of far north Australia were likely
monsoonal during the Miocene, our experi-
ments suggest it is unlikely that the monsoon
extended farther south than present. The model
results in most cases seem to systematically pro-
duce precipitation values lower than required by
paleoclimate proxies, matching recent results
for the Eocene Arctic (Greenwood et al., 2010).
Although the proxy records have their own
uncertainties, if we assume that the error is pri-
marily within the modeling we can estimate the
magnitude of the modeling biases. Vegetation
modeling indicates a dry bias in our simula-
tions of ~200 mm/yr and requires doubled CO,
concentrations to support reconstructed flora
distributions including extensive savanna and
woodland in central Australia. Conversely, wide-
spread rainforest in north Australia is not sup-
ported without an arguably unrealistic increase
in precipitation. This suggests that Miocene
paleoflora was only viable under higher than
modern CO, concentrations, consistent with



leaf stomata indices (Kiirschner et al., 2008),
global climate modeling (You et al., 2009), and
weathering and erosion rates (Wan et al., 2009).
These results stress a need for high-resolution
regional climate modeling explicitly incorpo-
rating paleodrainage and dynamic vegetation.
Investigation into Miocene orbital dynamics,
greater distribution of quantitative paleoclimate
data, and an improved ability to distinguish fos-
sil presence from dominance will also better
constrain geological interpretations and future
models.

ACKNOWLEDGMENTS

Community Atmosphere Model and Community
Land Model simulations were conducted at the Aus-
tralian Centre for Advanced Computing and Com-
munications. Community Climate System Model 3
(CCSM3) simulation was conducted at the National
Computational Infrastructure  National Facility.
This research was supported by National Science
Foundation grant EAR-0450221 to Huber, Austra-
lian Research Council grants LG-A39802019 and
DP0559471 to Greenwood and Miiller, and Natural
Sciences and Engineering Research Council of Can-
ada grant DG 311934 to Greenwood.

REFERENCES CITED

Alley, N.F., 1998, Cainozoic stratigraphy, palacoen-
vironments and geological evolution of the
Lake Eyre Basin: Palaecogeography, Palaeo-
climatology, Palacoecology, v. 144, p. 239-
263, doi: 10.1016/S0031-0182(98)00120-5.

Archer, M., Hand, S.J., and Godthelp, H., 1994, Pat-
terns in the history of Australia’s mammals and
inferences about palaeohabitats, in Hill, R.S.,
ed., History of the Australian vegetation: Cre-
taceous to recent: Cambridge, UK, Cambridge
University Press, p. 80-103.

Benbow, M.C., Alley, N.F., Callen, R.A., and Green-
wood, D.R., 1995, Geological history and pa-
lacoclimate, in Dexel, J.F., and Preiss, W.V,, eds.,
The geology of South Australia: The Phanero-
zoic, Volume 2: Adelaide, Geological Survey
of South Australia Bulletin, p. 208-217.

Bowman, D.M.J.S., and 13 others, 2010, Biogeog-
raphy of the Australian monsoon tropics: Jour-
nal of Biogeography, v. 37, p. 201-216, doi:
10.1111/j.1365-2699.2009.02210.x.

Collins, W.D., Rasch, P.J., Boville, B.A., Hack, J.J.,
McCaa, J.R., Williamson, D.L., Briegleb, B.P.,
Bitz, C.M., Lin, S.-J., and Zhang, M., 2006,
The formulation and atmospheric simulation of
the Community Atmosphere Model Version 3
(CAM3): Journal of Climate, v. 19, p. 2144—
2161, doi: 10.1175/JCLI3760.1.

Cowling, S.A., 1999, PALEOECOLOGY: Plants and
temperature-CO, uncoupling: Science, v. 285,
p. 1500-1501, doi: 10.1126/science.285.5433
.1500.

Feary, D.A., Davies, P.J., Pigram, C.J., and Symonds,
P.A., 1991, Climatic evolution and control on
carbonate deposition in northeast Australia:
Global and Planetary Change, v. 3, p. 341-361,
doi: 10.1016/0921-8181(91)90116-E.

Greenwood, D.R., 1996, Eocene monsoon forests in
central Australia?: Australian Systematic Bot-
any, v. 9, p. 95-112, doi: 10.1071/SB9960095.

Greenwood, D.R., and Christophel, D.C., 2005,
The origins and Tertiary history of Australian

“tropical” rainforests, in Bermingham, E., et
al., eds., Tropical rainforests: Past, present and
future: Chicago, Illinois, University of Chicago
Press, p. 336-373.

Greenwood, D.R., Wilf, P., Wing, S.L., and Chris-
tophel, D.C., 2004, Paleotemperature estima-
tion using leaf-margin analysis: Is Australia
different?: Palaios, v. 19, p. 129-142, doi:
10.1669/0883-1351(2004)019<0129:PEULAI
>2.0.CO;2.

Greenwood, D.R., Basinger, J.F., and Smith, R.Y.,
2010, How wet was the Arctic Eocene rain for-
est? Estimates of precipitation from Paleogene
Arctic macrofloras: Geology, v. 38, p. 15-18,
doi: 10.1130/G30218.1.

Guerin, G.R., and Hill, R.S., 2006, Plant macrofos-
sil evidence for the environment associated with
the Riversleigh fauna: Australian Journal of Bot-
any, v. 54, p. 717-731, doi: 10.1071/BT04220.

Harrison, S.P., and Prentice, C.I., 2003, Climate and
CO, controls on global vegetation distribution
at the last glacial maximum: Analysis based on
palaeovegetation data, biome modelling and
palaeoclimate simulations: Global Change Bi-
ology, v. 9, p. 983-1004, doi: 10.1046/j.1365-
2486.2003.00640.x.

Herold, N., Seton, M., Miiller, R.D., You, Y., and
Huber, M., 2008, Middle Miocene tectonic
boundary conditions for use in climate models:
Geochemistry Geophysics Geosystems, v. 9,
Q10009, doi: 10.1029/2008GC002046.

Herold, N., Miiller, D., and Seton, M., 2010, Compar-
ing early to middle Miocene terrestrial climate
simulations with geological data: Geosphere,
v. 6, p. 952-961, doi: 10.1130/GES00544.1.

Kaplan, J.O., and 17 others, 2003, Climate change
and Arctic ecosystems: 2. Modeling, paleo-
data-model comparisons, and future projec-
tions: Journal of Geophysical Research, v. 108,
8171, doi: 10.1029/2002JD002559.

Kiirschner, W.M., Kvacek, Z., and Dilcher, D.L.,
2008, The impact of Miocene atmospheric
carbon dioxide fluctuations on climate and the
evolution of terrestrial ecosystems: National
Academy of Sciences Proceedings, v. 105,
p. 449453, doi: 10.1073/pnas.0708588105.

Langford, R.P., Wilford, G.E., Truswell, E.-M., and
Isern, A.R., 1995, Palacogeographic Atlas of
Australia: Canberra, Australian Geological
Survey Organisation, scale 1:10,000,000.

Macphail, M.K., 2007, Australian palaeoclimates:
Cretaceous to Tertiary: A review of palacobo-
tanical and related evidence to the year 2000:
Bentley, Western Australia, Cooperative Re-
search Centre for Landscape Environments and
Mineral Exploration, 280 p.

Markwick, P.J., 2007, The palacogeographic and pa-
laeoclimatic significance of climate proxies for
data-model comparisons, in Williams, M., et al.,
eds., Deep-time perspectives on climate change:
Marrying the signal from computer models and
biological proxies: (Micropalaeontological So-
ciety Special Publication 2): London, Geologi-
cal Society of London, p. 251-312.

Martin, H.A., 2006, Cenozoic climatic change and the
development of the arid vegetation in Australia:
Journal of Arid Environments, v. 66, p. 533—
563, doi: 10.1016/j.jaridenv.2006.01.009.

Megirian, D., Murray, P., Schwartz, L., and Von Der
Borch, C., 2004, Late Oligocene Kangaroo
Well Local Fauna from the Ulta Limestone
(new name), and climate of the Miocene oscil-
lation across central Australia: Australian Jour-

nal of Earth Sciences, v. 51, p. 701-741, doi:
10.1111/j.1400-0952.2004.01085..x.

Miller, G., Mangan, J., Pollard, D., Thompson, S.,
Felzer, B., and Magee, J., 2005, Sensitivity
of the Australian Monsoon to insolation and
vegetation: Implications for human impact on
continental moisture balance: Geology, v. 33,
p. 65-68, doi: 10.1130/G21033.1.

Pagani, M., Arthur, M.A., and Freeman, K.H., 1999,
Miocene evolution of atmospheric carbon di-
oxide: Paleoceanography, v. 14, p. 273-292,
doi: 10.1029/1999PA900006.

Quilty, P.G., 1994, 144 million years of Australian pa-
laeoclimate and palaeogeography, in Hill, R.S.,
ed., History of the Australian vegetation: New
York, Cambridge University Press, p. 14-43.

Sluiter, L.R.K., Kershaw, A.P., Holdgate, G.R., and
Bulman, D., 1995, Biogeographic, ecological
and stratigraphic relationships of the Miocene
brown coal floras, Latrobe Valley, Victoria,
Australia: International Journal of Coal Ge-
ology, v. 28, p. 277-302, doi: 10.1016/0166-
5162(95)00021-6.

Suppiah, R., 1995, The Australian summer mon-
soon: CSIRO9 GCM simulations for 1 x CO,
and 2 x CO, conditions: Global and Planetary
Change, v. 11, p. 95-109, doi: 10.1016/0921-
8181(95)00004-6.

Travouillon, K.J., Legendre, S., Archer, M., and
Hand, S.J., 2009, Palacoecological analyses
of Riversleigh’s Oligo-Miocene sites: Impli-
cations for Oligo-Miocene climate change in
Australia: Palacogeography, Palaeoclimatol-
ogy, Palaeoecology, v. 276, p. 24-37, doi:
10.1016/j.palae0.2009.02.025.

Vertenstein, M., Oleson, K., Levis, S., and Hoffman,
F, 2004, Community Land Model Version 3.0
(CLM3.0) user’s guide: Boulder, Colorado, Na-
tional Center for Atmospheric Research, 38 p.

Wan, S., Kiirschner, W.M., Clift, P.D., Li, A., and
Li, T., 2009, Extreme weathering/erosion dur-
ing the Miocene Climatic Optimum: Evidence
from sediment record in the South China Sea:
Geophysical Research Letters, v. 36, L19706,
doi: 10.1029/2009GL040279.

Wolfe, J.A., 1985, Distribution of major vegetational
types during the Tertiary, in Sundquist, E.,
ed., The carbon cycle and atmospheric CO,:
Natural variations, Archean to present: Ameri-
can Geophysical Union Geophysical Mono-
graph 32, p. 357-375.

Wyrwoll, K.-H., and Valdes, P., 2003, Insolation
forcing of the Australian monsoon as con-
trols of Pleistocene mega-lake events: Geo-
physical Research Letters, v. 30, 2279, doi:
10.1029/2003GL018486.

You, Y., Huber, M., Miiller, R.D., Poulsen, C.J.,
and Ribbe, J., 2009, Simulation of the Middle
Miocene Climate Optimum: Geophysical Re-
search Letters, v. 36, L04702, doi: 10.1029/
2008GL036571.

Zhang, S., and Wang, B., 2008, Global summer mon-
soon rainy seasons: International Journal of
Climatology, v. 28, p. 15631578, doi: 10.1002/
joc.1659.

Manuscript received 10 March 2010
Revised manuscript received 22 July 2010
Manuscript accepted 25 July 2010

Printed in USA

GEOLOGY, January 2011



