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Abstract. The Last Glacial Maximum (LGM, ~21,000 years ago) was the most recent time that the Earth experienced global
maximum ice volume and minimum eustatic sea level. The regional climate changes over Australia at the LGM remain
uncertain. Four Coupled Model Intercomparison Project Phase 6 (CMIP6) models and eight Coupled Model Intercomparison
Project Phase 5 (CMIPS5) models that were included in the Paleoclimate Modelling Intercomparison Project (PMIP) Phases 3
and 4 were used in this research to investigate the temperature, precipitation, and wind changes over Australia at the LGM
relative to pre-industrial (PI) and compare the results with existing proxy records and other model studies. The annual multi-
model mean (MMM) Australian land surface temperature is estimated to cool by 2.6 °C at the LGM. All models show
consistent cooling over the Australian region (0-45°S, 110°E-160°E). The MMM annual precipitation decreased by 0.16
mm/day at the LGM relative to PI over modern Australian mainland areas (10°S-45°S, 110°E-160°E). Precipitation minus
evaporation patterns over Australia are also examined to assess the changes in moisture balance at the LGM. Despite
reduced LGM precipitation, the greater decrease in LGM evaporation leads to a slightly positive moisture balance in many
regions. This is in disagreement with some proxy-based hydroclimate reconstructions of reduced LGM moisture over
Australia, which might be due to the interpretations of vegetation-based proxy records or the uncertainties in model
representation of moisture fluxes. We find a small equatorward multi-model average displacement of the boundary line
between Southern Hemisphere (SH) westerly and easterly winds at the LGM but large model disagreement on a shift in SH

mid-latitude westerly winds at the LGM, similar to previous studies.

1 Introduction

The Last Glacial Maximum (LGM, ca. 28-18 thousand years ago (ka)) refers to the coldest interval within the last glacial
period. It was a time of global maximum ice volume and associated low eustatic sea-level (Clark et al., 2009). Ice sheets
covered large parts of North America, Europe, and Northern Eurasia (Ehlers & Gibbard, 2007). In Australia, Reeves et al.
(2013a) present evidence of glaciation in the Snowy Mountains of Southeast Australia and Tasmania, with the most
significant glacier advance at around 19.1 ka (Petherick et al., 2013).

Global mean surface air temperature (SAT) estimates during the LGM range from 3.4 to 8.3 °C cooler than pre-
industrial based on different model ensemble results constrained with proxy data (Schneider von Deimling et al., 2006;

Holden et al., 2010; Annan & Hargreaves, 2013; Tierney et al., 2020a; Seltzer et al., 2021; Annan et al., 2022) with recent
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studies suggesting a narrower range of values of 4.5 °C £+ 0.9 °C (Annan et al., 2022) and 5.7 °C to 6.5 °C (Tierney et al.,
2020a). The global sea level was estimated at ca.120 meters lower than today (Lambeck et al., 2014; Yokoyama et al., 2018),
resulting in the expansion of the land areas in many parts of the world, appearance of land bridges and the exposure of Sunda
and Sahul shelves in Southeast Asia, which further allowed human migration during this period (Clarkson et al., 2017). The
Australian mainland expanded at the LGM, connected by land bridges to New Guinea, Tasmania, and many smaller islands

into a single landmass known as “Sahul” (Clarkson et al., 2017, see Figure 1b with the grey shading covering the land areas).
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Figure 1: Example of modern day (a) and LGM (b) land masks (shown as grey shading) from CCSM4 model, plotted over modern
coastlines.

LGM vegetation was also very different from today. Many regions that are forested today were covered in tundra
and grasslands at the LGM (Kageyama et al., 2017). These changes reflect large LGM reduction in terrestrial biomass,
related to combinations of lower temperatures, changes in hydroclimate (moisture availability), and/or lower atmospheric
CO:z concentrations (~180 ppm) that cooled the climate and restricted vegetation growth (Scheff et al., 2017; Prentice et al.,
2022). Dust suspension and transport was estimated to be more active at the LGM, which was possibly driven by stronger
winds and drier climate conditions, particularly in the tropical and high-latitude regions (Lamy et al., 2014; Ujvari et al.,
2018), or may have been partly a consequence of the reduced ability of terrestrial vegetation to stabilise soils (Scheff et al.,
2017; Roderick et al., 2015).

The exact definition of the LGM has varied over time. Traditionally, the concept has denoted the time of maximum
global ice volume and/or minimum eustatic sea level, best estimates placing this at ca. 21 ka (Hughes et al., 2013). However,

in the Southern Hemisphere (SH), on landmasses remote from continental ice sheets, it has become clear from pollen and
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other terrestrial climate proxies that full glacial conditions were maintained in New Zealand and Australia between ca. 28-18
ka (Newnham et al., 2007; Cadd et al., 2021), which Newnham et al. (2007) referred to as the ‘extended LGM’. In general,
this study will discuss proxy climate records from the period from 28 to 18 ka as broadly representative of LGM climate and
compare those records with our model results for temperature, precipitation, and wind patterns over Australia.

The LGM is commonly recognised as a time of global cooling and lower sea levels, but changes in SH regional
temperature, rainfall and atmospheric circulation are less well understood. A limited number of climate modelling studies
have focused on conditions during the LGM in the SH (e.g. Rojas et al., 2009; Rojas, 2013), with even fewer studies
examining simulations of LGM climate in Australia (e.g. Hope, 2005; Yan et al., 2018). Some studies (e.g. Kageyama et al.,
2021; Annan & Hargreaves, 2013; DiNezio & Tierney, 2013; Sime et al., 2013) have begun to explore the new PMIP4
simulations of LGM climate, but there has been little research on the changes in SH climate, including the Australian region
in these simulations (or the older PMIP3 ensemble). Therefore, this study aims to investigate the climate (temperature,
precipitation, moisture balance and wind) changes at the LGM over the Australian region, making use of available PMIP3

and PMIP4 climate model simulations of LGM climate.

1.1 Palaeoenvironmental proxy records for the Australian LGM

In tropical Australasia (see Figure 2 for corresponding region), sea surface temperatures (SSTs) are estimated to have cooled
by 1 to 3 °C at the LGM relative to present (Reeves et al., 2013a). The temperature in upland areas in New Guinea is
estimated to have reduced by 4 to 6 °C compared to present based on pollen records from the snowlines in the Kosipe Valley
(Hope, 2009). A dramatic reduction in tree cover was identified at the LGM in tropical savanna woodland in northern
Australia from pollen and geochemical records (Rowe et al., 2021). Rowe et al. (2021) attributed the change in vegetation to
a combination of a cooler and drier glacial climate, while also considering the possible role of lower atmospheric CO:
concentrations and the increased distance of the site from the coastline. Reduced fire activity occurred as a result of less
available fuel, indicating that the vegetation at the LGM was less influenced by fire events than today. There is uncertainty
about the drivers of LGM climate changes in northern Australia; sparser vegetation has been interpreted previously as a sign
of aridity, but it is also likely that low CO: played a role in reducing plant biomass (e.g. Scheff et al., 2017; Prentice et al.,
2017; Prentice et al., 2022). Moreover, Denniston et al. (2013) found that there is isotopic evidence for LGM moisture as
high as today in speleothem records at Ball Gown Cave in tropical northern Australia.

In temperate Australia during the LGM, a SAT reduction of 4-6 °C has been inferred from pollen records, and SST
cooling varying from 3 to 9 °C has been inferred in nearby ocean regions (Petherick et al., 2013). Fossil pollen records
indicating widespread reductions in tree cover have often been interpreted as implying drier conditions, i.e. reduced
precipitation and/or increased evaporation (Petherick et al., 2013), but the potential role of low atmospheric CO: in reducing
plant productivity has rarely been considered in the region (Prentice et al., 2017; Sniderman et al., 2019). Moreover,

regionally wetter conditions (increased precipitation and/or reduced evaporation) were also present in some parts of the
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Southern Australian domains (Reeves et al., 2013b), possibly associated with a northward shift of the SH westerlies at the
LGM (Kohfeld et al., 2013). Some evidence of higher lake (Lakes Mungo, Keilambete and George) and river levels in the
Murray-Darling Basin (Hesse et al., 2018) has been interpreted in terms of greater seasonal runoff due to snowmelt
(Petherick et al., 2013), or some combination of higher precipitation and lower evapotranspiration (Hesse et al., 2018). In
subtropical eastern Australia, the persistence of moisture-demanding woodlands suggests that the effective precipitation (net
moisture) levels did not drop dramatically during the LGM in this region (Cadd et al., 2018).

In the arid interior zone in Australia, the average LGM air temperature was estimated to decrease by 9 °C below
present (Miller et al., 1997) based on amino-acid racemisation of emu eggshell. Fitzsimmons et al. (2013) argued that the
arid interior experienced extensive dune activity and dust transport, and reduced but episodic fluvial activity at the LGM.
However, there is geomorphological evidence for higher lake levels at Lake Frome (Cohen et al., 2015). Evidence of wetter
conditions in arid Australia during the LGM was found by Treble et al. (2017) from speleothem records at Mairs Cave,
Flinders Ranges in the Southern Australian semi-arid zone. That study suggested that the Flinders Ranges were relatively
wet during the LGM, possibly associated with a southward shift of the Intertropical Convergence Zone (ITCZ), allowing
more tropical moisture to reach the cave. These proxy records providing evidence of relatively wet conditions at the LGM
support the hypothesis proposed by De Deckker et al. (2020), that water was available during the cold and dry LGM period

in Australia, sustaining human populations in inland areas.

1.2 Climate models for the LGM

Many previous modelling studies have focused on the LGM. This period is one of the main “entry card” experiments for the
Paleoclimate Modelling Intercomparison Project (PMIP) (Kageyama et al., 2017). Some studies have used PMIP simulations
with proxy data to reconstruct LGM climate (e.g. Annan & Hargreaves, 2013; DiNezio & Tierney, 2013; Sime et al., 2013).
Other studies have compared results from a range of simulations including the LGM as well as historical or future climates
(e.g. Chavaillaz et al., 2013; Brown et al., 2020; Liu et al., 2020), using past climates to provide insights into future climate
change (Tierney et al., 2020b).

In a recent study, Kageyama et al. (2021) presented global results from PMIP3 and PMIP4 LGM simulations and
found that the multi-model global average change in temperature is similar for the two ensembles. The PMIP4 models
simulate slightly drier annual precipitation changes in the LGM than the PMIP3 models. Overall, while there are large
differences between individual models, the two groups of models are not fundamentally different. In addition, the LGM
simulations were found to be broadly consistent with regional proxy reconstructions (Kageyama et al., 2021). In this study,
the PMIP3 and PMIP4 LGM simulations are examined in more detail over Australia, considering seasonal anomalies and
individual model responses as well as the ensemble mean.

The behaviour of the SH westerlies is a major area of research focused on understanding the climate system during
the LGM, with relevance for southern Australian climate. Previous modelling studies using coupled atmosphere-ocean

models (PMIP2 and 3) and atmosphere-only models (PMIP1) show ambiguous results regarding the latitudinal positions of
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the SH mid-latitude westerlies during the LGM. For example, Sime et al. (2013) found strengthening and southward shifts in
the maximum 850 hPa SH westerlies based on PMIP2 simulations with an atmosphere-only model (HadAM3). Similarly, a
poleward shift in SH surface westerlies was indicated by Kitoh et al. (2001) from an AOGCM used in PMIP1 (MRI-CGCM1
model). However, variations are found between different models, with shifts equatorward (Kim et al., 2003) and no
latitudinal change (Otto-Bliesner et al., 2006; Rojas et al., 2009) in SH westerlies also observed from PMIP model
simulations. This disagreement across model simulations is consistent with a more recent study (Chavaillaz et al., 2013)
using the newer PMIP3 and CMIP5 models, suggesting no agreement was reached between models regarding the latitudinal
changes in SH westerlies during the LGM. Rojas (2013) suggested that differences in response may be related to the
coupling between atmosphere, ocean and sea ice in the models. Shifts in SH westerlies and influences on Australian climate
in CMIP5-PMIP3 and CMIP6-PMIP4 models are investigated in Section 3.2.1 of this paper.

In this paper, the data and methods are described in Section 2, Section 3.1 presents temperature results from models,
while wind and precipitation changes at the LGM are shown in Section 3.2 and 3.3, respectively. Relationships between
climate variables, such as SH mid-latitude westerly winds and precipitation changes at the LGM in JJA season, and the
correlations between seasonal temperature and precipitation patterns are evaluated in Section 3.3.2 as drivers of precipitation
change. Section 4 discusses the limitations and consistencies between relevant proxy records and modelling studies,

followed by the conclusion in Section 4.4.

2 Data and methods
2.1 Model datasets

This study makes use of PMIP Phase 3 (PMIP3, Braconnot et al., 2012) model simulations which were included in the
Coupled Model Intercomparison Project Phase 5 (CMIPS5, Taylor et al., 2012), and PMIP Phase 4 (PMIP4, Kageyama et al.,
2018) simulations which were included in CMIP Phase 6 (CMIP6, Eyring et al., 2016). Datasets from eight CMIP5 models
and four CMIP6 models that were included in PMIP3 and PMIP4 were analysed, based on data availability via the Earth
System Grid Federation (the set of models is therefore smaller than Kageyama et al. 2021, who made use of some models
only available in PMIP databases). See Table 1 for list of models with LGM simulations included in this study. It was
decided not to include CESM2-WACCM-FV2 model (Danabasoglu et al., 2020), which also performed LGM simulations
due to an unrealistic climate sensitivity found by Zhu et al. (2021). Large global LGM cooling was simulated in the model,
which is not consistent with proxy records and other model simulations in this study, biasing the MMM temperature results.
PMIP3/CMIPS and PMIP4/CMIP6 models shown in Table 1 are referred to as CMIPS and CMIP6 models hereafter for

simplification.
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Table 1: List of models with models included in the study, model reference and PMIP/CMIP generation.
Model name Reference PMIP/CMIP
generation
AWI-ESM-1-1-LR Sidorenko et al. (2015), PMIP4/CMIP6
Lohmann et al. (2020)
CCSM4 Brady et al. (2013) PMIP3/CMIPS5
CNRM-CMS5 Voldoire et al. (2013) PMIP3/CMIPS5
FGOALS-g2 Zheng and Yu (2013) PMIP3/CMIPS
GISS-E2-R Ullman et al. (2014) PMIP3/CMIPS5
INM-CM4-8 Volodin et al. (2018) PMIP4/CMIP6
IPSL-CMS5A-LR Dufresne et al. (2013) PMIP3/CMIPS
MIROC-ES2L Ohgaito et al. (2021), PMIP4/CMIP6
Hajima et al. (2020)
MIROC-ESM Sueyoshi et al. (2013) PMIP3/CMIPS
MPI-ESM-P Adloff et al. (2018) PMIP3/CMIPS5
MPI-ESM1-2-LR Mauritsen et al. (2019) PMIP4/CMIP6
MRI-CGCM3 Yukimoto et al. (2015) PMIP3/CMIPS

The models in CMIP6 include some modifications and improvements relative to the older CMIP5 generation
(Eyring et al., 2016). There are also some minor differences in the LGM experiment boundary conditions for the CMIP5
(PMIP3) and CMIP6 (PMIP4) experiments. Compared to PMIP3 experiments, new and updated boundary conditions were
included in PMIP4 (as shown in Table 2), enabling the systematic analysis of the vegetation and dust forcing effects. Further,
the PMIP4 simulations highlight the specification of ice sheets, with three distinct ice sheet reconstructions available,

allowing assessments of the impacts from uncertainties in ice-sheet reconstructions or boundary conditions (Kageyama et al.,

2017).
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Table 2: Summary of the main forcing or boundary conditions (experimental design) for the LGM simulations in PMIP3 and PMIP4
models (PMIP4 from Table 1 in Kageyama et al. (2017); PMIP3 from PMIP3 website: https://pmip3.Isce.ipsl.fr/). Some boundary
conditions are set as the same as pre-industrial control (piControl) values.

Forcing or Boundary PMIP4 LGM value PMIP3 LGM value

conditions

Atmospheric trace gases CO2 =190 ppm CO2 =185 ppm
CHa =375 ppb CHa =350 ppb
N20 =200 ppb N20 =200 ppb
CFC=0 CFC=0

Os = same as in CMIP6 piControl

Os = same as in CMIPS5 piControl

Insolation

eccentricity: 0.018994
obliquity: 22.949°
perihelion — 180° = 114.42°

eccentricity: 0.018994
obliquity: 22.949°
perihelion — 180° = 114.42°

Ice sheets (components of model
modified to represent influence of

LGM ice sheet)

coastlines
bathymetry ice-sheet extent
altitude

rivers

land-sea mask
land surface elevation

ocean bathymetry

Vegetation

Unless a model

includes dynamic vegetation or
interactive dust, the vegetation
should be prescribed to be the same
as in the DECK and

historical runs (CMIP6 piControl)

as in piControl

Dust

as in piControl
or

Igm (three options)

as in piControl

For this research, monthly surface temperature (ts), surface air temperature (tas), precipitation (pr),
evapotranspiration (evspsbl) and 850 hPa wind (ua and va at 850 hPa) data from each model for a model pre-industrial
control (‘piControl’) and LGM (‘lgm’) simulations were analysed. All data was regridded using first-order conservative
remapping onto a 1.5 x 1.5° longitude-latitude grid. Both zonal (u) and meridional (v) components of the wind were
analysed, at 850 hPa except for CMIP6 INM-CM4-8 model, which only provided only near-surface (10 metre) wind data for

LGM simulations.
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2.2 Run Length and Control Simulation

175 The LGM simulations are compared with pre-industrial (PI) climate as the control or baseline, similarly to many previous
studies (e.g. Kageyama et al., 2021). Pre-industrial ("piControl”) experiments are simulations with atmospheric composition
and other boundary conditions prescribed and held constant at values representing climate before industrialisation, i.e.
reference year 1850 (Eyring et al., 2016). The LGM simulations from different models run for different numbers of years
with a minimum length of 100 years, therefore, it is necessary to determine a uniform length of time that captures the
180 average climatology for each model simulation to assess changes in climate variables. In this research, the first 100 years of

output from each model was selected and averaged in order to represent the mean state of PI and LGM climate conditions.

2.3 Classification of Australian Regions

Different regions of Australia experience different climate regimes in the present day, and are likely to respond differently to

LGM climate forcing. Each region also experiences greater seasonal precipitation at a different time of year, with the north

185 receiving most precipitation in summer and the south in winter. We therefore divide Australia into three main regions in
order to examine the LGM climate response in detail at seasonal time scales.

Shown in Figure 2, the Australian region is defined in this research bounded by longitudes from 110°E to 160°E,

latitudes from 0 to 45°S. The Northern Australasia domain in the spatial plots is defined longitudes from 110°E to 160° E,

and latitudes from 0 to 20°S (including New Guinea and parts of Indonesia); the Southern Australia domain is defined by

190 longitudes from 110°E to 160°E, and latitudes from 20°S to 45°S. Lastly, the Central Australian domain is shown in the

spatial plots bounded by 20°S to 35°S and 120°E to 145°E. These three domains broadly correspond to the Tropical

Australasia, Temperate Australia and Arid Interior regions discussed in Section 1.1.
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Figure 2: Classification of Northern Australasia, Central, and Southern Australia domains shown by red rectangles with modern day
coastlines. The Central Australia domain is a subset of the larger Southern Australia domain. The south-west box for detecting JJA frontal
precipitation that is most sensitive to westerlies is also indicated in the Southern Australia domain.

3 Results
3.1 Surface temperature

In this Section, the changes in surface temperature (ts) in the LGM model simulations are evaluated in comparison with PI
simulations. Figure 3 shows the simulated temperature patterns from CMIP5 and CMIP6 model ensembles, the LGM
temperature over Australia is warmer in the CMIP6 simulations than in the CMIPS5 simulations. This differs from Kageyama
et al. (2021), where most of the Australian interior is slightly cooler in PMIP4 than PMIP3 LGM simulations, possibly due to
the slightly different sets of models used. Despite some differences between the CMIP6 and CMIP5 model simulations in
LGM temperature over Australia, we combine the four models from CMIP6 and the eight models from CMIPS5 together into
a large ensemble of models, for assessing the multi-model mean (MMM) change in temperature patterns at the LGM in this

section.
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Figure 3: (a) LGM - PI mean annual surface temperature (in °C) simulated by the ensemble of CMIP5 models, (b) LGM — PI mean annual
surface temperature anomaly (in °C) simulated by CMIP6 models, (c) difference between the CMIP6 and CMIP5 LGM ensembles (in °C)

over Australian region.

To explore the extent of model agreement on LGM temperature, Figure 4 shows the mean annual LGM surface

temperature changes over Australia in individual CMIP5 and CMIP6 models. All models agree on the sign of temperature

change over the Australian region, with mean annual cooling during the LGM. The cooling patterns are overall similar

across most models, with more cooling over Northern Australia and the Maritime Continent, and more cooling over land

than ocean. CMIP5 FGOALS-g2 model simulates the strongest LGM land cooling over Australia, with an average

temperature anomaly of -4.0 °C, compared to the MMM land average of -2.6 °C (see Table 3). The model differences

between CMIP6 models are much smaller than between CMIPS5 models, possibly due to model improvements or the smaller

set of models.
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Figure 4: LGM - PI mean annual surface temperature anomaly (°C) simulated by individual CMIP5 and CMIP6 models over Australian
region.

The MMM seasonal variations in surface temperature changes at the LGM over Australia are shown in Figure 5.
The austral winter JJA season shows the strongest land average cooling (-2.9 °C, refer to Table 3) at the LGM, mostly
occurring along the modern coastlines in the northern and temperate Australian regions. There is more cooling over land in
DJF and SON compared to JJA and MAM. The warm anomalies in DJF and SON may be due to the extension of land areas
at the LGM due to lower sea level, where land areas warm more than surrounding oceans during these seasons. A similar
response may also explain the coastal cooling anomalies in JJA and MAM when land cools more than ocean in these colder
seasons.

Moreover, orbitally-driven changes in top of the atmosphere insolation during the LGM (see Kageyama et al., 2017)
may also play a role in the seasonal differences shown in Figure 5. For the latitude range where Australia is located (~10°S
to 45°S), there is an increase in insolation from January to June of 1 to 2 W/m? and a decrease in insolation from August to
December of up to 4 W/m?. This means that there should be a slightly enhanced cooling in August to December (particularly
influencing Spring, SON) and a slightly reduced cooling in January to June (particularly MAM) relative to the average LGM

cooling response. The anomalies may nearly cancel for JJA and DJF depending on the latitude.
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Figure 5: MMM seasonal anomalies for LGM - PI surface temperatures (°C) simulated by the ensemble of CMIPS and CMIP6 models for
(a) DJF, (b) MAM, (c) JJA and (d) SON seasons over Australian region.
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Table 3: Average land surface temperature anomalies (°C) for annual mean, DJF and JJA seasons over Australia (land areas within
domain 0-45°S, 110°E-160°E) for each CMIP5 and CMIP6 models and the multi-model mean (MMM).

Model name Annual average (°C) DJF average (°C) JJA average (°C)
AWI-ESM-1-1-LR 2.2 -1.6 -3.1
CCSM4 -3.1 -3.2 -3.2
CNRM-CMS5 -1.8 -1.5 2.1
FGOALS-g2 -4.0 -3.3 -4.5
GISS-E2-R -2.4 -2.6 2.4
INM-CM4-8 -1.9 -1.7 -2.1
IPSL-CMS5A-LR -3.9 -4.1 -3.9
MIROC-ES2L -2.0 -1.8 2.1
MIROC-ESM -2.0 -1.8 2.3
MPI-ESM-P -3.2 -3.3 -3.1
MPI-ESM1-2-LR -2.4 -2.3 -2.6
MRI-CGCM3 -3.7 -3.8 -3.9
MMM 2.7 -2.6 -2.9

3.2 Winds
3.2.1 Shifts of the westerlies

We are interested in investigating the meridional displacement of the SH mid-latitude westerly winds at the LGM,
in comparison with previous studies (see Section 1.2), as these winds play an important role in the climate of southern
Australia (e.g. Hope et al., 2010). There is large model disagreement over changes in the westerlies in both JJA
(Supplementary Figure S1) and Annual (not shown) in the Australian region and also at a hemispheric and global scale (not
shown). Some models show weakening and other models show strengthening in the region to the south of Australia, with
little change in the MMM. To further investigate shifts in the extent of SH westerly winds or changes in their intensity, the
zonal-mean zonal wind is plotted over the SH tropics and midlatitudes. Figure 6 shows the zonal-mean 850 hPa zonal winds
in JJA over SH (0-70°S).

The majority of models do not show clear evidence of latitudinal changes for maximum mid-latitude zonal wind
speed at the LGM compared to PI, and there are some disagreements between models (see Figure 6). There is a weak

equatorward shift in maximum zonal wind speed seen in IPSL-CM5A-LR and MIROC-ESM models. However, there also
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seems to be opposite poleward shifts of the maximum zonal winds in CCSM4, FGOALS-g2 and MRI-CGCM3 models.
Most models except CCSM4 and MRI-CGCM3 models show overall weakening of SH mid-latitude westerlies at the LGM

compared to PL.

The latitudinal positions of the boundary lines between SH westerlies and easterlies (i.e. latitude of zero zonal wind)
for each CMIP5 and CMIP6 model in JJA season for both PI and LGM simulations are also calculated over the Australian
domain (110°E to 160°E), values are given in Table 4. All models except FGOALS-g2 model show a positive (equatorward)
shift for the boundary lines at the LGM relative to PI, even for the models with poleward shifted maximum zonal winds (e.g.
CCSM4 and MRI-CGCM3, as stated earlier). CMIP5S FGOALS-g2 model simulated a poleward (negative) shift in both the
latitudinal positions for the boundary lines and its SH maximum zonal winds. The two models that simulated relatively large

displacement of boundary lines (CNRM-CMS5, GISS-E2-R models) show no change in their maximum zonal winds (see

Figure 6).
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Table 4: Latitudes of zero westerly wind speed (westerly-easterly boundary) for each CMIP5 and CMIP6 model in JJA season (INM-
CM4-8 model used near-surface winds). Calculations were over the Australian domains from 110°E to 160°E.

Model name PI () LGM () LGM - PI ()
AWI-ESM-1-1-LR 2452 -23.46 1.06
CCSM4 2558 -25.09 0.49
CNRM-CM5 23.24 2218 1.06
FGOALS-g2 21.15 2241 -1.26
GISS-E2-R -23.76 2243 133
INM-CM4-8 -28.97 -28.86 0.11
IPSL-CM5A-LR 2271 21.60 1.11
MIROC-ES2L 23.34 23.02 0.32
MIROC-ESM 24.16 22.95 1.21
MPI-ESM-P -23.94 23.29 0.66
MPI-ESM1-2-LR -23.46 22.65 0.81
MRI-CGCM3 -23.00 22.09 0.91
MMM 23.99 23.34 0.65

3.3 Precipitation

In the present-day climate, regional precipitation variations over Australia are associated with seasonal variations in
atmospheric circulation. Austral summer (DJF season) is the period when the Indo-Australian summer monsoon is most
active, bringing precipitation to northern Australia and nearby Maritime Continent areas. In austral winter (JJA season), the
SH westerlies shift equatorward, bringing rainfall to the southern Australian region. The LGM changes in precipitation over
the Australian region are therefore discussed with a focus on seasonal anomalies.

The LGM - PI annual average precipitation anomalies for each model over Australia are shown in Figure 7. It is
evident from Figure 7 that the largest model precipitation anomalies occur over northern Australia and the Maritime
Continent, due to the higher absolute precipitation totals in the tropics. Larger model disagreement over northern Australia
may be due to the different changes in SST and atmospheric circulations simulated in each model in this region, where
model precipitation is highly sensitive to SST gradients (e.g. Chadwick et al., 2013). Some models (e.g. GISS-E2-R and
INM-CM4-8) simulate increased precipitation in the tropical monsoon region whereas most of the other models show drier

conditions. Most models agree on an annual mean decreased precipitation at the LGM averaged over the Australia mainland,
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however, regional increases in precipitation are also simulated by most models. Individual precipitation changes in the DJF

and JJA season are shown in Supplementary Figures S2 and S3.
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Figure 7: LGM — PI mean annual precipitation anomaly (mm/day) simulated by individual CMIP5 and CMIP6 models over the Australian
domains.

MMM seasonal precipitation anomalies from the combined CMIP5 and CMIP6 model ensemble at the LGM over
Australia are shown in Figure 8 and seasonal precipitation changes over specific domains are summarised in Table 5
(seasonal precipitation comparisons between CMIP5 and CMIP6 models is presented in Supplementary Figure S4). Austral
winter (JJA) season shows the strongest area-average land drying (-0.59 mm/day) over Australia (0-45°S, 110°E-160°E)
during the LGM, dominated by the strong precipitation reduction over northern Australia and the Maritime Continent,
consistent with previous analysis of PMIP3 LGM simulations (Yan et al., 2018). The south-western corner of Australia
shows an average increase in precipitation in JJA (Figure 8c). In austral summer (DJF) season, an increase in precipitation
can be seen over parts of northern Australasia, particularly the central “Top End” region, while other regions become drier

(Figure 8a). Yan et al. (2018) identified increased Australian monsoon precipitation in early austral summer (November-
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330 December) in PMIP3 LGM simulations, however we do not find a clear increase in DJF based on the models examined here.
Most parts of Australia become drier in MAM, whereas there is a strong increase in precipitation in the tropical north-west

(including over the Sahul shelf) and along the east coast in SON.
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335 Figure 8: MMM seasonal anomalies for LGM — PI precipitation (mm/day) simulated by the ensemble of CMIP5 and CMIP6 models for
(a) DJF, (b) MAM, (c) JJA and (d) SON seasons over Australian region.

3.3.1 Precipitation minus evapotranspiration (P-E)

As some proxy records provide information about available moisture or effective precipitation changes at the LGM relative
340 to PI, instead of direct evidence for precipitation changes (e.g. Petherick et al., 2013; Sniderman et al., 2019; Fitzsimmons et

al., 2012), we also examine changes in the moisture balance or P-E (precipitation minus evapotranspiration) in the LGM
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simulations. Cooler conditions at the LGM may lead to reduced evaporation and hence a positive P-E despite reduced
precipitation (e.g. Scheff et al., 2017; Kageyama et al., 2021).

Annual mean LGM precipitation and evapotranspiration changes over the Australian regions are shown in Figure 9a
and 9b while net precipitation (P-E) is shown in Figure 9c. There is an annual mean reduction in precipitation during the
LGM across the Australian mainland, New Guinea and parts of the Maritime Continent, with an annual average land
precipitation change of -0.3 mm/day (based on PI land mask, so excluding coastal areas which are land in the LGM only).
The strong precipitation reductions simulated in the expanded land areas in the northern tropical Australasia monsoon region
and the exposed Bass Strait region are associated with decreased evaporation rates at the LGM, so that overall increased
LGM P-E was simulated (Figure 9). Changes in both precipitation and P-E averaged over different land domains are given in
Table 5.
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Figure 9: LGM — PI mean annual (a) precipitation (b) evapotranspiration and (b) P-E (in mm/day) simulated by the ensemble of CMIP5
and CMIP6 models over Australian region.

Figure 10 shows the LGM seasonal variations in net precipitation (P-E) over Australia, which can be compared with
the seasonal changes in precipitation shown in Figure 8. In comparison to the variable precipitation pattern at the LGM
(Figure 8), the P-E pattern (Figure 10) provides more seasonally consistent spatial changes over Australia during the LGM

with the largest increase in P-E over the expanded land areas at the LGM.
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Figure 10: MMM seasonal anomalies for LGM — PI precipitation-evapotranspiration (P-E, mm/day) simulated by the ensemble of CMIP5
and CMIP6 models for (a) DJF, (b) MAM, (c) JJA and (d) SON seasons over Australian region. This can be compared with MMM
seasonal precipitation shown in Figure 5 and MMM seasonal evapotranspiration shown in Supplementary Figure S4.

Table 5 shows the average land precipitation and P-E changes at the LGM in individual models over northern (0-
20°S, 110°E-160°E) in DJF season and southern Australia (20°S-45°S, 110°E-160°E; see Figure 2) in JJA season and the
annual mean anomalies over the whole domain. The Australian mainland region experienced an increase in P-E simulated in
all models, with a MMM P-E increase of 0.14 mm/day (Table 5). Individual model simulations of LGM P-E changes can be
seen in Supplementary Figure S5.

In the Northern Australasia domain, most models show consistent DJF drier conditions in both average LGM
precipitation and P-E changes, although large model disagreements occur (see DJF P-E changes in individual models in
Supplementary Figure S6). All models except GISS-E2-R simulated more positive P-E anomalies compared to the
corresponding LGM precipitation change. In the Southern Australia region, all models agree on reduced JJA area-average

precipitation (see individual model simulations in Supplementary Figure S3) and positive P-E anomalies at the LGM, with
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the exception of ‘FGOALS-g2’ model that very small negative JJA P-E anomaly (-0.05 mm/day) was simulated (Table 5).
Mean P-E changes at the LGM in JJA season for each model over the Australian domain are shown in Supplementary Figure
S7.

380

Table 5: Average land precipitation and P-E LGM anomalies (mm/day) over Northern Australasia (0-20°S, 110°E-160°E) in DJF season.
JJA land averages over Southern Australia (20°S-45°S, 110°E-160°E). Annual mean land average changes for modern Australia mainland
(10°S-45°S, 110°E-160°E) for each CMIP5 and CMIP6 model and MMM. Land is defined by PI land mask.

Model name DJF average over Northern | JJA average over Southern Annual average over
Australasia land (mm/day) Australia land (mm/day) modern Australia mainland
(mm/day)
Precipitation P-E Precipitation P-E Precipitation P-E
AWI-ESM-1-1-LR -0.85 -0.64 -0.25 0.06 -0.38 0.00
CCSM4 -0.48 -0.24 -0.20 0.03 -0.06 0.18
CNRM-CM5 -0.63 -0.12 -0.15 0.19 -0.38 0.10
FGOALS-g2 -0.58 -0.14 -0.70 -0.05 -0.44 0.04
GISS-E2-R 1.02 0.70 -0.14 0.06 0.18 0.31
INM-CM4-8 -0.19 0.18 -0.07 0.21 -0.06 0.22
IPSL-CMS5A-LR 1.10 1.17 -0.19 0.10 0.04 0.28
MIROC-ES2L -0.85 -0.39 -0.19 0.11 -0.37 0.05
MIROC-ESM 0.53 0.74 -0.26 0.10 -0.27 0.11
MPI-ESM-P -0.83 -0.20 -0.03 0.10 -0.12 0.05
MPI-ESM1-2-LR -0.61 -0.25 -0.03 0.11 -0.08 0.08
MRI-CGCM3 -1.23 -0.86 -0.04 0.25 0.00 0.30
MMM -0.30 -0.01 -0.19 0.11 -0.16 0.14

385 3.3.2 Drivers of precipitation change
3.3.2.1 Temperature

LGM cooling is likely to lead to overall drier conditions due to the thermodynamic response (a colder atmosphere holds less

moisture), as seen in the annual mean MMM change (Figure 4). However, the models do not simulate drying over all regions
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or in all seasons over Australia. For instance, annually wetter conditions are found over the south-west Australia in some
models (Figure 7).

The relationships between temperature and precipitation changes at the LGM compared to PI are evaluated over the
monsoon-affected Northern Australasia domain in this section as temperature and precipitation patterns may be closely
related in the tropics (e.g. Chadwick et al., 2013). Figure 5 shows the MMM seasonal changes for surface temperature and
Figure 8 shows the MMM seasonal changes for precipitation during the LGM. Wetter conditions are found to the north of
Australia in SON and DJF (Figure 8), possibly in response to changes in seasonal heating over the exposed continental shelf
or changes in atmospheric circulation.

The cooling anomalies over Northern Australasia in MAM season (Figure 5b) appear to correspond tothe strong
drying anomalies in the same region (Figure 8b). However, the opposite relationship can also be seen. In DJF season, both
increased and decreased precipitation is simulated over Northern Australasia (Figure 8a), however, reduction in temperature
is seen across the whole region (Figure 5a). Similarly, warming anomalies are found over the central southern coastlines in
DJF and SON (Figure 5a, d), while no large changes in precipitation are seen over the same region (Figure 8a, d). Thus,

there is no simple linear relationship between regional patterns of LGM temperature and precipitation change.

3.3.2.1 Winds

We now investigate the drivers of LGM precipitation patterns in southern Australia by examining the correlation between
precipitation in the south-west of Australia and SH mid-latitude westerlies in JJA, since they shift equatorward in this
season, bringing moisture mainly via frontal systems to this area in the present-day climate (Hope et al., 2010). The analysis
focuses on a smaller south-west box rather than the larger southern Australia domain as there is a larger increase in
precipitation in the LGM evident in the south-west region in many models. This region is also climatically distinct in the
modern climate, experiencing higher winter rainfall than surrounding areas, with a recent strong drying trend (Hope et al.
2010).

Figure 11 shows the relationship between the JJA LGM change in precipitation averaged over south-west Australia
(30°S-35°S, 115°E-120°E; see Figure 2) and the change in strength of the westerly winds over the same latitude range, but
with a wider longitude range for the entire Southern Australian region (110°E-155°E). The Pearson correlation coefficient
between the two variables is r = 0.55, and the corresponding p-value is 0.082, indicating a moderate positive correlation
between the two variables. This suggests that larger westerly wind speeds are likely to be associated with enhanced
precipitation in this region. The wind and temperature anomaly values for each model are listed in Table S1 in the
Supplement.

Sime et al. (2013) proposed that there is no clear relationship between the displacements of westerlies and enhanced
precipitation at the LGM based on PMIP models. While we also find no clear relationship over the SH or Southern Australia
scale, over the south-west Australian corner we do find a moderate correlation between westerly wind strength and

precipitation changes over south-west Australia at the LGM.
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Figure 11: Relationship between JJA LGM - PI anomalies for the strengths of the 850 hPa westerlies over 30°S to 35°S Southern Australia
domain and precipitation averages over smaller south-west Australia domain (30°S-35°S, 115°E-120°E) simulated by CMIPS and CMIP6
models (excluding CMIP6 INM-CM4-8 model).

4 Discussion and Conclusions

This study has evaluated the temperature, precipitation and wind changes over the Australian region at the LGM compared
to pre-industrial conditions based on CMIP5 and CMIP6 model simulations. We now summarise the key finding from the
model simulations and briefly compare these with published proxy records of LGM temperature, precipitation and

atmospheric circulation from this region, introduced in Section 1.

4.1 Temperature

The models simulate regional cooling of annual surface temperatures in the range of -1.8 °C to -4.0 °C (MMM = -
2.6 °C) in the Australian domain (0-45°S, 110°E-160°E), with larger cooling over land and particularly over coastal regions
with expanded land area at the LGM. On seasonal time scales, cooling is slightly larger in MAM and JJA over this region.
Our model results for temperature change generally agree well with available proxy records and previous modelling studies

although there are some LGM proxy records which do not show good agreements with the models. For example, Miller et al.
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(1997) and Hope (2009) reconstructed greater cooling over land than was simulated by the models, with Miller et al. (1997)
finding cooling of 9 °C in inland Australia and Hope (2009) finding cooling of 4-6 °C in the New Guinea highlands. This
may be due to uncertainties in the proxy reconstruction. Alternatively, the models may not be simulating the extent of
cooling over land in the LGM simulations. In the case of proxy records over high topography (e.g. Hope, 2009), the models
may also not resolved the details of the topography and associated cooling.

We also tested whether using surface air temperature (“tas”) from models provided a better match with proxy
records than using surface temperature (“ts”’) which is the land and ocean surface temperature. Seasonal comparison with
LGM temperature anomalies based on these two variables (see Supplementary Figure S8) indicates that surface air

temperature does not provide greater agreement with the extent of LGM cooling seen in proxy records.

4.2 Precipitation

The models simulate an overall reduced precipitation over the Australian region, with negative annual average
anomalies in the majority of models and the MMM. Seasonal MMM precipitation anomalies (Figure 8) indicate widespread,
slightly lower precipitation than today, except for slightly higher precipitation during DJF, in the north-eastern central
Northern Australia, northern Cape York, and all of Tasmania except the west coast; during JJA in SW WA; and during SON
in the subtropical eastern margin of the continent. P-E patterns (Figure 10) do not show obviously intensified wetness of any
of the higher precipitation regions. In turn, the central Northern Australia moistening seems less clear in P-E than in P.
However, overall, most of the continent experienced negative precipitation and positive P-E anomalies, implying that most
regions would have experienced LGM hydroclimatic stasis (i.e. little change in moisture availability) or slightly wetter
conditions, particularly on seasonal time scales.

Some paleoclimate proxies (e.g. Fitzsimmons et al., 2013; Petherick et al., 2013; Cadd et al., 2018) have been
interpreted as indicating substantially lower LGM moisture availability, which is not consistent with the changes in P-E from
the PMIP/CMIP simulations analysed in this study. On the other hand, studies of paleo-river channels in the Murray-Darling
Basin indicate that relatively high fluvial discharge, and thus moisture availability, were maintained at the LGM (Kemp et
al., 2017; Hesse et al., 2018). The contradiction between some proxy reconstructions and model simulations may partly
reflect the fact that vegetation-based hydroclimate reconstructions have not taken into account the effects of low CO2 on

plant growth (Prentice et al., 2017; Sniderman et al., 2019).

4.3 Winds

Similar to many other studies, this study did not find a consistent equatorward or poleward shift in the SH mid-latitude
westerly winds at the LGM based on the available CMIP5 and CMIP6 model simulations. Focusing on the Australian sector,
this study tried to detect changes in the latitude of the SH westerly winds in austral winter (JJA) through investigating the
position of the boundary lines between westerly and easterly winds for each model. From our calculations of their latitudinal

positions at the LGM and PI, most models agree on an equatorward shift at the LGM with a multi-model average
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displacement of 0.65° northwards. However, we did not identify a consistent shift in maximum SH mid-latitude zonal winds
in the LGM simulations. Future work could conduct additional evaluations such as examining upper-level winds (as in
Kageyama et al., 2021), or use a larger ensemble of models and more comprehensive dynamical analysis to address this

question.

4.4 Conclusions

This research presents an initial evaluation and analysis for the climate conditions (temperature, precipitation, wind) over a
wider Australian domain (including adjacent regions of Indonesia and New Guinea) at the LGM using the ensemble of
twelve CMIP5 and CMIP6 models with available PMIP LGM simulations. Previously, few studies using coupled model
simulations of LGM climate have focused on this region or even the Southern Hemisphere. The results offer insights into
some regional Australian climate variations during the LGM, and the inter-connections between climate variables in
different seasons. Our model results generally agree with published proxy records and other model studies, with some
exceptions as discussed in Section 4.

Several analyses were also conducted in this study to assess the relationships between westerly winds and
precipitation, and temperature and precipitation. A moderate positive correlation between the JJA westerlies and
precipitation over south-west Australia (30°S-35°S) was found, indicating larger westerly wind speeds with enhanced
precipitation. In contrast, no clear relationship between surface temperature and precipitation changes is found in this study,

which leaves future work to further investigate drivers of regional LGM precipitation change.
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