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Abstract 

Understanding the magnitude, timing and drivers of regional variations in paleotemperature is 

often challenging because of the lack of a similar proxy in every climate zone and differences 

in the temperature-proxy response relationship of the multiple proxies across large spatial 

scales. Borehole temperature data show promise for elucidating regional variation of 

paleotemperature because of their applicability in all climate zones. We reconstructed surface 

temperature histories for the past 2000 years, using borehole temperature data from four study 

regions within eastern Australia. Borehole temperatures across all four areas show warming 

since the 19th Century with most rapid warming occurring during the 20th Century. 

Reconstructions reveal significant spatial and temporal variation of paleotemperature between 

each region, with the south-east coast of the Australian mainland (Victoria) being the most 

different. Here, temperatures display a Little Ice Age (LIA) type response, decreasing during 

the 16th to 18th Century with a peak cold temperature of ‒0.6oC during 1700 AD relative to the 

long term average spanning 0 to 1000 AD where temperature changes are negligible. Further, 

comparison with proxy data suggests temperature increases affected moisture balances in 

tropical and temperate regions differently. In the northern tropics, increased temperatures 

correlated with wetter conditions, while in the southern, more Mediterranean climate regions, 

warmer periods were generally drier. 
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1. Introduction 

Quantifying climate fluctuation during the late Holocene contributes to our ability to 

differentiate between human induced climate change and natural climate variability. The late 

Holocene contains major regional to global scale temperature variation (Neukom and Gergis, 

2011), such as the Medieval Climate Anomaly, the Little Ice Age, and late 20th Century 

warming (Buntgen et al., 2011; Mann et al., 2009). Reconstructing late Holocene climate is 

most commonly achieved through a range of environmental proxies. In recent years, borehole 

temperature data have shown promise for reconstructing past temperature histories. There are 

a substantial number of temperature reconstructions using borehole data from the Northern 

Hemisphere (Beltrami and Bourlon, 2004; Huang et al., 2000; Pollack and Huang, 2000) in 

particular from Canada (Beltrami et al., 2003; Chouinard et al., 2007; Chouinard and 

Mareschal, 2009; Frottier et al., 1998; Gosselin and Mareschal, 2003a; Majorowicz et al., 

2005; Mareschal and Beltrami, 1992). However, the applications of past temperature 

reconstruction using borehole temperature data are limited in Australia. Borehole temperature 

data have only been used to reconstruct the past 500 years temperature history for the south-

west of Western Australia (Appleyard, 2005), eastern Tasmania (Suman et al., 2017) and an 

average reconstruction for the  Australian continent (Pollack et al., 2006).  

 

It is likely that spatial variation in the solar insolation, and/or the influence of ocean current 

on land, resulted in significant variation in paleotemperature across the continent. Such 

observations have been reported from Canada (Beltrami et al., 2003; Beltrami and Bourlon, 

2004; Majorowicz et al., 2002) and India (Roy et al., 2002; Roy and Chapman, 2012) using 

borehole temperature data. However, spatial paleotemperature variations are not well 

documented in literature related to borehole reconstruction (Beltrami et al., 2003; Beltrami 

and Bourlon, 2004), and remain much less explored in Australia and the rest of the Southern 

Hemisphere. 

 

Surface temperatures in Australia are largely controlled by latitudinal variations in solar 

radiation, combined with surrounding ocean currents. The warm surface of the Leeuwin 

Current (LC) (Benthuysen et al., 2014; Huang and Feng, 2015; Meuleners et al., 2008; Moros 

et al., 2009) flows along the west and south of Australia towards eastern Australia, 

influencing sea surface temperatures (SST) in the associated region (Middleton and Bye, 
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2007; Moros et al., 2009) and may also influence land surface temperature in adjacent coastal 

areas. Modern inter-annual variability in the LC is linked with El Niño-Southern Oscillation 

(ENSO) (Forootan et al., 2016): during La Niña phase the LC is stronger and in El Niño phase 

the current is weaker (Feng, 2003; Wijffels and Meyers, 2004).  

 

The East Australian Current (EAC) (Bowen et al., 2005; O’Kane et al., 2011; Ridgway and 

Dunn, 2003; Wilkin and Zhang, 2007) flows along the east coast of Australia from north to 

south, and then eastward from the eastern Tasmanian coast into the Tasman Sea (Ridgway 

and Dunn, 2003). During summer the EAC brings warm and saline water towards the -eastern 

coast of Tasmania (Ridgway, 2007; Ridgway and Dunn, 2003). CSIRO marine observation 

data (1944-2002) from Maria Island, Tasmania, show the east coast of Tasmania becoming 

warmer with mean trends of 2.28oC/century as a result of warmer EAC (Ridgway and Hill, 

2009). Borehole reconstruction data from eastern Tasmania also show higher temperature 

changes near the south-east coast in comparison to the midland of Tasmania. The warmer 

EAC around SE Tasmania is believed to be one of the major drivers behind this spatial 

variation in paleotemperature (Suman et al., 2017). It is expected that these two major ocean 

current systems, LC and EAC, are responsible for the spatio-temporal variation in 

paleotemperatures observed across south-eastern Australia.  

 

Reconstruction of the spatial and temporal patterns of past temperature change can help us to 

understand and quantify the effects of external forces and key dynamics of the global climate 

system (Snyder, 2010). Knowledge of the spatio-temporal variation in past temperatures also 

helps us to understand natural climate variability, that needs to be considered in future climate 

projections (Deser et al., 2012; Zhang et al., 2006). Climate reconstructions for Australia 

typically use proxy data i.e., tree rings (Cook et al., 2000; Cook et al., 2006), pollen (Cook, 

2009; Williams et al., 2009), pollen-based vegetation records (Mackenzie and Moss, 2014; 

Moss et al., 2013), sediment records (Magee and Miller, 2004), ice cores (Vance et al., 2013), 

speleothems (Ho el al., 2015, Vance et al., 2015), chironomids (Chang et al., 2015; Rees and 

Cwynar, 2010),  and coral chemistry (Gagan et al., 2000; Kuhnert et al., 1999). These records 

have also been combined to produce an Australasian temperature reconstruction for the last 

millennia (Gergis et al., 2016).  
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There is another option to reconstruct paleoclimate histories for a particular area based on 

different remote sources of paleo data and using statistical model (Ho et al., 2014; Mcgowan 

et al., 2009; Verdon and Franks, 2007) to understand paleoclimate variability. However, 

modelled reconstruction can be suffered by inherent noise and associated error. Besides, 

paleoclimate reconstructed from different proxy may be different because of their physical 

characteristics and reconstruction methods. It is difficult to find same proxy in different 

climatic zone. Therefore, a single proxy is typically not sufficient to investigate spatial 

variation in paleotemperatures for centennial timeframes. In contrast, borehole temperature 

data are widely available or can be drilled anywhere regardless of topography and geology, 

thus potentially enabling the reconstruction of spatio-temporal variations in paleotemperature 

across the continent.  

Recent reconstruction of the temperature record using borehole data from Tasmania, 

demonstrates the potential of Australian boreholes for reconstructing the temperature history 

(Suman et al., 2017; Suman and White, 2017). Most of the Tasmanian boreholes are shallow, 

250 m to 300 m deep, that limits the temperature reconstruction to the last 500 years. There 

are a number of far deeper boreholes on mainland Australia, for which, data are available and 

this presents an opportunity to extend the record to the late Holocene as well as to explore the 

regional variations in temperature across eastern Australia. In this paper we aim to: 

(i) extend the temperature record, reconstructed from borehole temperature data in 

eastern Australia from the past 500 years to the past 2000 years;  

(ii) examine the regional variations in temperature history in eastern Australia and link 

these to drivers of temperature change; 

(iii) compare the borehole record with other proxies, to determine how reliable the 

existing record is for paleotemperature reconstructions. 

2. Methods 

The Earth’s subsurface thermal regime is governed by temporal changes on the ground 

surface and by the outflow of heat from the interior. Temporal changes in ground surface 

temperature are propagated downwards to the subsurface and are found as perturbations to the 

steady-state temperature profile in the shallow crust (Beltrami and Mareschal, 1995; 

Chouinard and Mareschal, 2009). From the interpretation of this perturbation, it is possible to 

infer past surface temperature history at centennial scales. The length of the temperature 
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history depends on the depth of the subsurface temperature record, but resolution decreases 

with time. Thus, the Earth’s subsurface contains a record of the past climatic trend that can be 

revealed by the shape of the borehole temperature depth profile. In this study we focus on the 

portion of the borehole record that provides decadal to centennial average ground surface 

temperature histories during the past two millennia. 

 

Reconstructing the past surface temperature history from borehole temperature profiles is an 

inverse problem, the solution of which has been well described (Beltrami et al., 1992; 

Beltrami and Mareschal, 1995; Chouinard and Mareschal, 2009; Gosselin and Mareschal, 

2003b; Mareschal and Beltrami, 1992; Suman et al., 2017). It is assumed that heat transfer is 

by vertical conduction and the only cause for perturbation of the sub-surface temperature 

profile is the time-varying boundary condition. In a horizontally layered conductive half-

space with uniform variations in surface temperature, the temperature T at depth z can be 

expressed as follows (Chouinard and Mareschal, 2009): 

T(z) = 𝑇𝑟𝑒𝑓 + 𝑄𝑟𝑒𝑓 ∫
𝑑𝑧′

λ(z′)

𝑧

0

+ 𝑇𝑡(𝑧) … … … … (1) 

Where Tref is the reference ground surface temperature (Long-term surface temperature/ 

“Steady state”), Qref is the reference heat flux (“steady-state” heat flux from depth), λ is the 

thermal conductivity, and Tt(z) is the temperature perturbation at depth z because of past 

variation in surface temperature. Heat sources are negligible, but they could be included in the 

reference temperature profile. Thermal conductivity values are usually measured on core 

samples. By solving the one dimensional heat equation with time varying surface boundary 

conditions, the transient term 𝑇𝑡(𝑧) can be determined. If the ground surface temperature is 

estimated during K time intervals by its average, then as per Carslaw and Jaeger (1959), the 

transient term can be written as: 

T𝑡(𝑧) = ∑ ∆𝑇𝑘

𝑘

𝑘=1

(𝑒𝑟𝑓𝑐
𝑧

2√𝑘𝑡𝑘

− 𝑒𝑟𝑓𝑐
𝑧

2√𝑘𝑡𝑘−1

) … … … … (2) 

Where erfc is the complementary error function, and ∆𝑇𝑘 is the surface temperature 

perturbation between times 𝑡𝑘 and 𝑡𝑘−1. 

 

To understand sub-surface anomalies caused by ground surface temperature variations, the 

climate signal must be separated from the quasi steady state temperature profile. The quasi 

steady state temperature regime is estimated by a least squares linear fit to the lower most part 
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of the temperature-depth profile. The surface intercept and slope of the fitted line are 

interpreted as the long-term surface temperature 𝑇𝑟𝑒𝑓 and steady state temperature gradient 

respectively. The bottom section of the temperature-depth profile is least affected by the 

recent changes in surface temperature variation and is controlled by the steady state heat flow 

from the Earth’s interior.  

 

Equations (1) and (2) can be used to obtain a set of N linear equations with K+2 unknowns: 

the reference surface temperature, the reference heat flow and the surface temperature 

perturbation ∆𝑇𝑘 for the N temperature depth measurements, which can be solved by the 

singular value decomposition (SVD) method (Clauser and Mareschal, 1995; Lanczos, 1961; 

Mareschal and Beltrami, 1992; Menke, 1989). A Matlab SVD script (Clauser and Mareschal, 

1995; Mareschal and Beltrami, 1992), based on the above equations is used to generate past 

temperature histories from individual borehole temperature records. Detail theory and 

methods on inversion modelling technique has mentioned in appendix-A. Temperature depth 

profiles of the boreholes, located in variable lithologies, are corrected  using variable thermal 

conductivities (Suman et al., 2017).  

3. Data description  

Temperature depth profiles of 100 boreholes, drilled by government agencies or private 

companies in the southern and central South Australia, southern and north-western of 

Victoria, eastern Tasmania and north-eastern Queensland were analysed (Fig. 1). Boreholes 

from South Australia, Queensland and Tasmania were drilled for the exploration of 

geothermal resources while Victorian boreholes were mainly drilled for ground water, gas and 

stratigraphic investigation. For this study, our intention was to reconstruct the past 2000 years 

of temperature history, requiring us to choose boreholes that were approximately 500 m deep. 

However, the Tasmanian boreholes  available are relatively shallow (around 250 m deep) and 

have been previously used to reconstruct the past 500 years of temperature history (Suman et 

al., 2017; Suman and White, 2017). These data were used in the current study for comparison.  

 

 

In South Australia, 18 boreholes were drilled by Torrens Energy Ltd and one borehole was 

drilled by Petratherm Ltd. The temperature and geological data of South Australian boreholes 
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were obtained from the Energy Resource Division, Department of State Development, South 

Australia. The Victorian data set were collected from the Geological Survey of Victoria, 

Department of Primary Industries, Victoria. The Queensland data were collected from 

Geological Survey of Queensland, Department of Natural Resources and Mines. The 

Tasmanian data were collected from KUTh Energy (now Geodynamics). Diamond coring 

drill bits were used for drilling all boreholes. Borehole temperature logs were run once 

thermal equilibrium was achieved in each borehole.  

 

Temperature measurements were collected at a spacing of  <1.0 m down in each hole, with 

0.001°C accuracy and 0.0001°C precision. Thermal conductivity data were collected from 

core samples. Most holes have core samples covering all major formations or lithologies. The 

accuracy of thermal conductivity measurements was <0.1 Wm-1K-1.  

 

The quality of the borehole temperature data was determined based on the cumulative area 

misfit between measured and modelled data (Suman et al., 2017). A higher misfit is mainly 

caused by ground water, discontinuation of sub-surface temperature data and errors in 

temperature logging. We rejected ten boreholes from South Australia, 23 from Victoria, four 

from Queensland and three from Tasmania, because of very high cumulative area misfit. The 

remaining 60 boreholes provided high quality data which we used for the reconstruction of 

ground surface temperature history. Detailed temperature and thermal conductivity data of 27 

high quality boreholes from south and central of South Australia, southern and north-western 

of Victoria and north-eastern Queensland are presented in Table 1, while those of 33 

Tasmanian boreholes were presented earlier in Suman and White (2017).  

 

Due to the dispersive nature of heat flow, the inversion results are insensitive to short-term 

fluctuations during the earlier parts of our temperature reconstructions. Thus, we use the 

period between 0 and 1000 AD as a baseline for discussing the subsequent temperature 

changes reconstructed by the model inversions.  
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Table 1 Geologic, geographic and topographic features of east Australian boreholes 

SiS=Silt Stone, SaS=Sand Stone, LS=Lime Stone, SF=Shell Fragments, CS=Clay Stone, MS=Mud Stone 

Region Hole Name Borehole 

Depth, m 

Elevation, m Km from 

Coast 

Latitude Longitude Lithology Thermal 

Conductivity, 

Wm-1K-1 

Land cover dT past 

2K 

 Gandalf 001 228 50 193 -31.305 138.183 SiS/SaS  2.8±0.1 Grass 1.43 

 Joshua 001 393 231 49 -34.391 138.817 SiS  3.6±0.1 Grass 2.37 

 Miriam 001 342 527 62 -33.265 138.655 SiS/SaS  3.7±0.1 Grass 0.63 

South and central of 

South Australia 

Rinjin 001 236 27 15 -34.321 138.328 Carbonaceous 

SiS 

 2.0±0.1 Grass 1.88 

 Theoden 002 368 17 51 -32.535 137.816 Shale  3.9±0.2 Forested 1.95 

 Thorin 001 362 49 60 -32.476 137.821 Shale  2.9±0.2 Grass 1.50 

 Uwibami 001 290 105 35 -34.144 138.456 SiS  2.9±0.1 Grass 1.75 

 Faramir 001 440 55 120 -31.920 137.905 SiS/SaS 3.6±0.1 Grass 1.24 

 Bairnsdale 15005 564 25 13 -37.90 147.63 LS 1.3±0.1 Grass 1.52 

 sale 13 950 1 19 -38.11 147.22 Marl+LS+MS

+SiS+Coal 

1.4±0.1 Grass 1.91 

South-eastern Victoria wombat 4 1714 18 4 -38.35 147.16 CS+ SaS 2.2±0.04 Forested 1.51 

(Gippsland basin) wulla wullock 5 725 32 6 -38.32 147.16 LS+Marl 1.8±0.1 Grass 1.85 

 Nepean 38 520 9 1 -38.40 144.82 Marl+ fine 

quartz grains 

and shells 

1.6±0.01 Grass 1.35 

North-western 

Victoria     (Murray 

basin) 

Willah 1 522 56 411 -34.46 141.90 Clay+Marl+L

S+SaS 

1.3±0.1 Grass 0.97 

 Gorae 5 680 80 9 -38.26 141.53 LS 2.2±0.1 Forested 0.86 

 Kentbruck 3 563 43 8 -38.12 141.29 SiS 1.7±0.1 Forested 1.38 

South-western 

Victoria 

Narrawarturk 6 740 47 6 -38.54 142.86 Marl+SaS+Si

S 

1.7±0.1 Grass 1.23 

(Otway basin) Nirranda 3 760 49 6 -38.47 142.75 Marl+ 

CS+SaS 

2.1±0.1 Grass 1.49 

 Nirranda 8 700 40 2 -38.51 142.74 SaS 2.8±0.2 Grass 1.50 
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 Tarragal 3 720 30 1 -38.36 141.45 LS+marl 1.5±0.1 Grass 1.12 

 Portland 8 740 75 2 -38.38 141.55 LS+Marl 1.7±0.1 Forested 1.23 

 St Lawrence1 340 22 27 -22.64 149.67 MS+SaS+coal 1.4±0.1 Grass 2.35 

 Mossman3 277 345 41 -16.52 145.03 SaS+SiS+MS 4.1±0.1 Forested 1.71 

North-eastern 

Queensland 

Gympie7 339 370 123 -26.69 151.87 SaS+SiS+MS

+Coal 

1.2±0.1 Grass 1.95 

 Georgetown8 320 238 266 -18.41 143.14 SaS+SiS 3.6±0.1 Forested 2.12 

 JuliaCreek1 500 145 375 -20.90 141.47 CS+Marl+MS

+SaS+ 

Quartzite 

2.2±0.1 Grass 1.93 

 Longreach2 330 258 465 -23.35 145.23 CS+SaS+MS 1.5±0.1 Grass 1.90 
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Figure 1 Study area with location of boreholes. Boreholes used in the present study are 

shown as black circles and stars. Red triangles show the spatial distribution of paleo 

temperature record using boreholes by Pollack et al., (2006).  
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4. Results 

All four areas show a similar pattern of temperature increase in the 20th Century (Fig. 2). 

However, it is observed significant temporal and spatial variations in the reconstructed 

paleotemperature records, particularly during the last 500 years. The following sub-sections 

describe findings from each area.  

4.1 Southern and central South Australia 

Between the years of 0 to 1800 AD, temperatures in the southern and central parts of South 

Australia did not deviate much from the long-term average (Fig. 2a). However, the 

reconstructed ground surface temperature increased during the 19th and 20th Century with 

rapid warming observed in the late 20th Century. Paleotemperature reconstruction from 

individual boreholes shows that 20th Century temperatures were above the long term average 

by 0.6oC to 2.4oC (Fig. 2a). Three of the South Australian boreholes show minor cooling 

during the early 20th Century before a rapid warming in the late 20th Century. There was no 

obvious spatial pattern to these three boreholes. The average increase in temperature in the 

southern and central South Australia was 1.4±0.4oC during the last 2000 years, based on the 

long term average temperature. The long term average temperature was calculated across the 

years 0 to 1000 AD. 

    

4.2 Southern and north-western Victoria 

Southern Victorian temperatures were observed to decrease from the long-term average 

reaching a minimum between the 16th and 18th Centuries, before increasing in the 20th 

Century (Fig. 2b). The difference from the long-term trend, that is used here as a proxy for 

the Little Ice Age, with peak cooling around 1700 AD by ‒0.6±0.2oC. Following this cooling, 

temperature increases from individual borehole records were between 0.9oC and 1.9oC 

(averaging 1.4±0.2oC), above the long term average (Fig. 2b). 

 

Victorian data are mostly from the coastal areas of the onshore Gippsland and Otway Basins, 

in eastern and western Victoria respectively. The average reconstructed temperature from the 

Gippsland Basin was slightly higher than that of the Otway Basin, but the difference was 
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statistically insignificant (independent sample t-test, p=0.7). The minimum temperature 

change during the LIA period, between the Gippsland and Otway Basins was also statistically 

indistinguishable. However, the 20th Century temperature change in the Gippsland Basin 

(1.6±0.2oC) was significantly higher than that observed from the Otway Basin (1.2 ±0.2oC; 

independent sample t-test, p value=0.02).  

 

It was not possible to statistically compare paleotemperatures from the Murray Basin (north-

western Victoria) with the Otway and Gippsland Basins, because Murray Basin only had one 

borehole, Willah 1, with good quality data. While the general pattern of Willah 1 temperature 

history is qualitatively similar, the magnitude of change was smaller and the drop in 

temperature toward the 16th to 18th Century is less than that observed in the Otway and 

Gippsland Basin, with peak cooling of only -0.2oC during around 1700 AD. Similarly, the 

maximum temperature increases were lower at ~1.0oC. Note that, maximum and minimum 

temperature changes were calculated from the long term average, based on the period of 0 to 

1000 AD. 

4.3 North-eastern Queensland 

Between the years 0 and 1700 AD, the north-eastern Queensland temperature did not depart 

much from the long term average (Fig. 2c).  Warming began in the beginning of the 18th 

Century, with most of the temperature increases occurring in the 19th and 20th Centuries. 

Individual borehole reconstructions show that 20th Century temperatures were above the long 

term average (0 to 1000 AD) by 1.7oC to 2.4oC. The average increase in temperature in the 

north-eastern Queensland was 2.0±0.3oC during the last 2000 years (Fig. 2c), of which about 

0.6oC occurred during the 20th Century. The early warming and higher temperature changes 

detected from the north-eastern Queensland boreholes (beginning 18th Century) differ 

significantly from those observed in the southern Victoria and eastern Tasmania (independent 

sample t-test, p=0.00), but are statistically indistinguishable from the south and central of 

South Australian reconstructions (independent sample t-test, p=0.2), perhaps because of the 

relatively high uncertainties in the latter.  
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(a) (b) 

 

 

 

 

 

 

(c) (d)  

 

Figure 2 Reconstructed ground surface temperature history from borehole temperature 

data, (a)south and central of South Australia (b) southern and north-western of Victoria 

(c) north-eastern Queensland and (d) eastern Tasmania. Note that, Tasmanian 

boreholes are shallow ~ 300 m deep, therefore, it was not possible to extend temperature 

history more than 500 years. Red lines show average reconstruction in each site. 

Individual inversion model includes 50 time step and singular value cutoff 

(eigenvectors) 0.05. 

4.4 Eastern Tasmania 

We reconstructed 33 temperature profiles using boreholes temperature data for the eastern 

Tasmania spanning the past 500 years. The temperature reconstructions from individual 
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boreholes show that 20th Century temperatures were above the long term average (across the 

years 1500 to 1700 AD) by 0.6oC to 1.9oC, with the average temperature increasing by 

1.2±0.2oC. The average temperature reconstruction from the eastern Tasmania is significantly 

different (independent sample t-test, p=0.02) from the average temperature reconstruction of 

mainland of southern Victoria, during the last 500 years. This difference is largely due to the 

LIA observed in the southern Victorian borehole reconstructions, but not in the eastern 

Tasmanian borehole reconstruction period (last 500 years). However, the 20th Century 

maximum temperature change is statistically indistinguishable between the eastern Tasmania 

and southern Victoria (independent sample t-test, p=0.6). The Tasmanian records are 

discussed more detail in Suman et al., (2017) and Suman and White (2017).  

 

The average reconstructed ground surface temperature history at each site was compared with 

surrounding high quality meteorological records (Bureau of Meteorology, 2016). Location 

and other details about these surrounding high quality meteorological records can be found in 

Appendix-B. In general, the average reconstructed temperature agrees well with the 

surrounding meteorological record (Fig. 3) during their period of overlay. Reconstructed 

temperatures from the north-eastern Queensland, southern and north-west of Victoria and 

eastern Tasmania are significantly correlated with the meteorological record (Table 2). 

However, temperature reconstructions from the south and central of South Australia are only 

moderately correlated with the meteorological record and this correlation is not statistically 

significant (Table 2). This is probably because of noise introduced by lack of precision in 

thermal conductivity correction at the South Australian boreholes. There is no thermal 

conductivity data for the top sections of these wells because they were not able to diamond 

core through the soft sediments at the top of the holes.  

Table 1 Comparison of borehole reconstruction with surrounding meteorological record 

BH location Pearson Correlation Co-

efficient 

P-value 

Queensland 0.88 0.05 

Victoria 0.90 0.02 

South Australia 0.72 0.20 

Tasmania 0.95 0.00 
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(a) Queensland (b) Victoria 

 

  

(c) South Australia (d) Tasmania 

Figure 3 Comparison of temperature changes in the last century from meteorological 

and borehole temperature data. Red triangles represent the average reconstructed 

temperature from boreholes and black circles denote the average meteorological record 

from surrounding meteorological stations (mentioned in Appendix-B).  

 

Among the four study areas, we found two key differences. First, the record from the 

different regions was qualitatively different. Southern Victoria was the only area to display a 

borehole-observable cooling during 16th to 18th Century, which we found to be centred on 

the LIA period (Fig. 4). Reconstructed temperatures from the south and central of South 

Australia, eastern Tasmania and north-eastern Queensland did not show any evidence of LIA 

during the past 500 years.  

 

Secondly, the magnitude of the temperature changes differed across the regions, varying from 

south to north (Fig. 4). The temperature changes were smallest in the eastern Tasmania and 
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greatest in the north-eastern Queensland, based on the long term average (spanning 0 to 1000 

AD). Warming was found to have started earlier in Queensland than in the southern states.  

 

 

 

Figure 4 Spatial variations of paleotemperature across South-East Australia and 

Tasmania. Error bars represent standard errors with a 2σ confidence interval.  

 

Paleotemperature reconstruction also shows intra-regional variations. In Victoria, the 

maximum temperature changes varied with longitude from west to east (R2=0.6, Fig. 5). 

However, minimum temperature changes from the same region did not show any specific 

pattern (Fig. 5). Borehole reconstructions from the north-eastern Queensland show similar 

variation with longitude. In contrast, reconstructions from the south and central of South 

Australian boreholes show variation of paleotemperature with latitude, where higher 

temperature changes in the direction to the coast. South and central of South Australian 

boreholes are mainly clustered along a single longitude, hence we were not able to show 

variations in paleotemperature with longitude. In Eastern Tasmania, higher temperature 

changes were observed on the south-east coast in comparison to the midland (Suman et al., 

2017). 
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Figure 5 Intra-regional variation of maximum and minimum temperature change using 

Victorian boreholes 

5. Discussion 

Our analysis of 27 boreholes from the south-eastern Australia and 33 from the eastern 

Tasmania constitutes a broad documentation of paleotemperature records for the Australian 

continent, covering latitudes 16 to 43oS; an area that was previously under-sampled in global 

geothermal (Huang et al., 2000; Pollack and Huang, 2000) and paleoclimate studies (Mann 

and Jones, 2003; Neukom and Gergis, 2011).  

 

We compared our reconstruction with the Pollack et al., (2006) borehole study for the 

Australian continent. Pollack et al., (2006) used 57 boreholes across the continent to 

reconstruct the temperature history of Australia (Fig. 1) and showed that the temperature 

increased by about 0.5 ± 0.4oC (the standard error was calculated as 2σ standard deviation) 

during the last five centuries. This contrasts with the temperature reconstructions from the 27 

boreholes in the eastern Australia (SA, QLD, VIC) in this study, which show an increase of 

about 1.5 ± 0.2oC from the long term average (spanning years of 0 to 1000 AD). Part of this 

discrepancy is due to the temporal difference in sampling of the boreholes. Our record 
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captures a rise of ~0.4oC in the last half of the 20th Century that occurred after the 

measurement of most boreholes (1964 to 1983) in the Pollack et al., (2006) dataset. We 

attribute the remaining difference to in the reconstructed temperature histories to 

improvements in the precision of our record, and potentially to differences in the spatial 

location of the sampled boreholes. For example, the Pollack et al., (2006) record contains a 

large number of boreholes from inland areas, especially central NSW, while our dataset is 

biased towards coastal regions (Fig. 1) where influence of ocean current is higher compared 

to the inland areas. Unfortunately, the limited precision of the Pollack et al., (2006) dataset 

precludes more detailed analysis of these spatial variations. 

 

We also compared our borehole reconstruction with the Past Global changes (PAGES) 

AUS2K recent compilation (Gergis et al., 2016) which used multiple proxies for 

reconstruction based on tree ring, coral and speleothem data. They used four methods: 

Principle Component Regression (PCR), Composite Plus Scale (CPS), Pairwise Comparison 

(PaiCo) and Bayesian Hierarchical Model (LNA) to reconstruct past temperature histories. 

Ten year averages of the median reconstruction from all four methods and instrumental 

record were found to significantly correlate with the average borehole reconstruction from the 

present study (Table 3, Fig. 6). 

 

While the correlation between average borehole reconstruction and all methods of average 

multiproxy reconstruction by Gergis et al., (2016) is significant at 95% confidence interval, 

the magnitude of the temperature change was slightly different in the borehole reconstruction. 

Borehole temperature reconstruction was determined for the last 2000 years and the 

magnitudes of the temperature changes were calculated based on long term average 

temperature change. In contrast, the multiproxy reconstruction was for the last millennium. 

Despite the differences in temporal scale and reconstruction methods used, their correlations 

were significant (Table 3). Comparison of earlier borehole studies (Huang et al., 2000) with 

multiproxy reconstructions at hemispheric scale (Jones et al., 1998; Mann et al., 1998; 

Overpeck et al., 1997) shows temperature changes was higher in the borehole reconstruction 

during the last five centuries (Huang et al., 2000). At the regional scale, borehole 

reconstructions also show higher temperature changes when compared with air temperature 

proxy records, i.e. ice core oxygen isotope (Beltrami and Taylor, 1995) and tree rings 

(Beltrami et al., 1995). This is most likely because of the complicated heat and mass transfer 

at the ground-air interface. That can induce offsets in temperatures recorded by a range of 
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biological and physical processes and affects both proxy and borehole reconstructions 

(Pollack and Huang, 2000; Putnam and Chapman, 1996).  

 

 

Figure 6 Comparison of temperature histories reconstructed from borehole data with 

different methods of multi-proxy (tree ring, coral and speleothems) reconstruction 

 

Table 1 Correlation between average borehole reconstruction and different methods of 

multiproxy reconstruction by Gergis et al., (2016). 

Attributes Pearson correlation 

coefficient 

p-value 

Instrumental HadCRUT3v 0.9 0.01 

PCR 0.3 0.04 

CPS 0.3 0.04 

LNA 0.8 0.00 

PaiCo 0.4 0.01 
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Our regional borehole temperature averages also correlate with changes in regional proxy 

records. Investigations into the Victorian Lake Elingamite, show that during 1400 to 1880 

AD, Diatom-Inferred (DI) conductivity was persistently low suggesting that lake was 

probably overflowing or at its highest level during that time. Additionally, the general trend 

in the data indicates that the water level in the Victorian Lake Surprise was increasing until 

1880 AD (Barr et al., 2014). These findings indicate that between the years of 1400 and 1900 

AD, temperature and/or evaporation was low, and/or rainfall was higher, in the southern 

Victoria. This correlates with our Victorian reconstruction which indicates the temperature 

was cooling after the 16th Century reaching a peak cool period by around 1700 AD, 

suggesting the presence of the LIA during that time. Lake records from Victoria, post 1880 

AD suggest lower lake levels, higher salinity and indicate a rapid warming. Our northern 

borehole records also show a similar timing of changes to precipitation-affected proxies in 

Queensland. During the period of 1300 to 1500 AD, the climate of north-eastern Queensland 

and eastern Australia was characterised by dry and drought conditions because of warm 

ENSO (Donders et al., 2007; Goodwin et al., 2004). The last millennium pollen/vegetation 

record shows that the north-eastern Queensland climate was warm and dry during the years of 

1500 and 2000 AD (Moss et al., 2012; Moss et al., 2013). This correlates with the early 

warming identified by the Queensland boreholes compared with the rest of eastern Australia, 

beginning ~ 1800.  

 

Average borehole reconstruction from the eastern Tasmania correlates significantly with 

surrounding SST (Kennedy et al., 2011) and tree ring reconstruction (Cook et al., 2000). East 

Tasmanian borehole reconstruction also shows agreement with Tasmanian lake sediment 

(Rees and Cwynar, 2010) and pollen record (Fletcher and Thomas, 2010; Mackenzie and 

Moss, 2014). Further discussion of the comparisons between Tasmanian borehole 

temperature reconstructions and other proxies can be found in Suman et al., (2017). 

5.1 Spatial and Temporal variation of paleotemperature across eastern 

Australia 

Spatial variations in paleotemperatures have been demonstrated  in Canada, India at local and 

regional scales (Chouinard et al., 2007; Chouinard and Mareschal, 2009; Gosselin and 

Mareschal, 2003a; Roy and Chapman, 2012), on a national scale (Beltrami et al., 2003; Roy 
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et al., 2002) and as a northern hemispheric average (Beltrami and Bourlon, 2004). However, 

little has been published in the literature for the Southern Hemisphere. 

 

South-eastern Australian borehole temperature reconstruction reveals substantial spatial 

variation in paleotemperature.  Warming started early and the magnitude of 20th Century 

temperature change is higher in tropical Queensland compared to three other regions. Spatial 

variation of paleotemperature is also observed in other parts of the world. Higher temperature 

changes were found in southern Canada compared with northern Canada (Beltrami et al., 

2003) during the 20th century  and the south-eastern coast of India compared with other 

Indian climatic divisions (Roy et al., 2002) during the last 300 years. It is interesting to note 

that during the past ~ 500 years, warming recorded from boreholes, increased towards the 

equator in both hemispheres. This pattern differs from the ‘polar amplification’ found across 

other time periods (Hughes et al., 2013; Petit et al., 1999; Williams et al., 2009). Whether this 

trend is found globally requires further investigation.  

 

 

Beside this, several important oceanographic and atmospheric controls affect the climate of 

south-eastern Australia. The ENSO anomalies mean that the Pacific Ocean transports heat 

southward through the East Australian Current (EAC) (Roughan and Middleton, 2004; 

Turney et al., 2006), which may have a significant influence on the subsurface temperature 

regime of the coastal region of eastern Australia. The Indo Pacific Warm Pool (IPWP), which 

is the major source of global latent heat release, has a direct influence in north-eastern and 

northern Australia (Newton et al., 2006; Reeves et al., 2013; Turney et al., 2006) (Fig. 7). In 

addition, the South Equatorial Current (SEC) is active in north-west Queensland (Reeves et 

al., 2013) and transports warm water from IPWP to the north-western coast of Queensland. It 

is likely, that a combination of these major influences has meant that the temperature 

reconstructed from Queensland coastal boreholes shows a greater temperature.  
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Figure 7 Map showing important features of the modern climate and ocean current 

system of the Australian region. IPWP=Indo-Pacific Warm Pool, SAM=Southern 

Annular Mode, EAC=East Australian Current, SEC=South Equatorial Current, 

LC=Leeuwin Current (Showing extent during La Nina phase with dash line), 

ITCZ=Inter-tropical Convergence Zone, ENSO=El Nino Southern Oscillation (after 

Reeves et al., 2013) 

Our borehole reconstruction also reveals significant temporal variation in paleotemperature 

across eastern Australia. Reconstruction shows a cooling period only in the southern Victoria 

before rapid warming in the 20th Century. However, reconstruction from every region in 

south-eastern Australia and Tasmania show a rapid warming during 20th Century. 

Temperature warming during 20th Century observed under present study agrees well with 

other  borehole temperature reconstructions conducted in Australia (Appleyard, 2005; Pollack 

et al., 2006), North America  (Beltrami et al., 2003; Chouinard et al., 2007; Gosselin and 
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Mareschal, 2003a; Mareschal and Beltrami, 1992), Asia (Akkiraju and Roy, 2011; Roy et al., 

2002; Roy and Chapman, 2012) and Europe (Bodri et al., 2001; Bodri and Dövényi, 2004; 

Mareschal and Vasseur, 1992) where most temperature rises occurred during the 20th 

Century. 

 

To elucidate spatial and temporal variation of paleotemperatures with the same proxy is quite 

challenging because of availability of proxy data in all geographical locations, for example, 

speleothems have a limited distribution across the Australian continent. Temperature 

reconstruction from multiple proxies may produce differences in the magnitude of 

temperature changes. This may be caused by the diverse geo-physical characteristics of 

different proxy data and the different reconstruction methods used. Therefore, it is difficult to 

obtain a picture of spatio-temporal variation in temperature change, in a given region, based 

on different proxy data. However, boreholes can be drilled at any location, regardless of 

topography and climate. Therefore, reconstruction of past temperature history from similar 

borehole temperature data is the preferred means for showing spatio-temporal variation of 

paleotemperatures.  

5.2 Existence and distribution of LIA in Australia 

The timing and magnitude of the LIA is well documented in the Northern Hemisphere 

(Mann, 2002; Mann et al., 2009). However, some  research in last two decades also suggests 

the existence of LIA in tropical Indian and Pacific oceans (Gagan et al., 2000), in the 

Southern Hemisphere (Neukom et al., 2014) and particularly in south-east Australia (Barr et 

al., 2014) and western Tasmania (Cook et al., 2000). Earlier borehole reconstruction from 

Australia also shows that the 17th Century was the coolest period during the last five centuries 

(Pollack et al., 2006). However, the timing and magnitude of the LIA in Australia is not well 

established. 

 

Temperature reconstruction from the southern Victorian boreholes shows a cooling event 

occurred during the 16th to 18th Century with a peak temperature decrease of ‒0.6±0.2oC 

around 1700 AD.  Considerable effort was made to verify the presence of the cooling signal 

despite the TC uncertainty. The stratigraphy of each of the Victorian boreholes checked very 

carefully from the respective well completion reports. Thermal conductivity values from each 

formation were calculated using fractional proportion method. Reconstructions were tested 



24 

 

using different values of TC from 1σ range. All upper bound and lower bound values of TC 

show a temperature depression during the 16th to 18th Century. While similar temperature 

depressions were found from a series of southern Victorian boreholes, we concluded it is an 

obvious climatic signal rather due to effect of TC or any non-climatic drivers. Temperature  

depression in the southern Victoria is similar in time and magnitude to the temperature 

decrease recorded, globally (Mann, 2002; Mann et al., 2009), in the southern Hemisphere 

(Neukom et al., 2014) and in New Zealand (Lorrey et al., 2014) for the LIA period. 

Therefore, we attribute this cooling event to the LIA period of South East Australia.  

 

Temperature decrease during this time period is supported by surrounding proxy 

reconstructions. A recent compilation of multiproxy reconstructions for Australasia suggests 

that temperatures decreased after 1350 AD, with a peak cooling period occurring during the 

16th and early 19th Century coincident with the Northern Hemisphere LIA (Gergis et al., 

2016). High resolution diatom records from Lake Elingamite and Lake Surprise, in Victoria 

(Barr et al., 2014) show lower salinity levels during the period of 1400-1880 AD, suggesting 

that lake levels were higher with positive moisture balance. Salinity levels increased 

significantly during the 20th Century and lake levels decreased. Lower salinity and higher 

lake levels occurred during the 15th to 19th Century in Victorian lakes are believed to be 

caused by temperature cooling during that period, given that paleo-salinity level varies with 

temperature (Newton et al., 2006). In addition, tree ring reconstruction from western 

Tasmania shows temperatures deceased after 1500 AD, with minimum temperatures 

occurring at the end of the 19th Century (Cook et al., 2000).  

 

A LIA period was not evident in borehole reconstructions from South Australia, Tasmania 

and Queensland. The spatial distribution of LIA in Australia is thought to have been 

influenced by the surrounding ocean currents and Antarctic oscillation. Sea surface 

reconstruction from the Pacific Ocean suggests a more El Nino-like state would have existed 

during the LIA period (Cobb et al., 2003; Conroy et al., 2010; Oppo et al., 2009; Yan et al., 

2011). The SST of the west coast of Western Australia and the south coast of southern  

Australia are determined mainly by the Leeuwin current (McGowran et al., 1997; Meuleners 

et al., 2008). The Leeuwin current develops as a result of the gap between Indonesia and 

Australia that connects the Pacific and Indian Oceans. Warm water accumulates on the 

western side of the Pacific Ocean Basin because of the easterly wind and results in a sea level 

rise through the Indonesian archipelago (McGowran et al., 1997; Meuleners et al., 2007). 
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This high sea level water flows down to the coast of Western Australia, developing pressure 

gradients that draw in warm water and flows eastward from the south coast of Western 

Australia, forming the Leeuwin current (Meuleners et al., 2007).  

The Easterly winds over the Pacific Ocean change with El Nino-Southern Oscillation 

(ENSO). During La Nina phase, easterly winds blow strongly and during the El-Nino phase, 

they blow weakly (Brown et al., 2015; Susanto et al., 2001). The varying wind strength 

changes the amount of water in the west of the Pacific and consequently, the sea level near 

Indonesia. Therefore, during La Nina phase, the Leeuwin current flows more strongly and 

during El Nino phase, it flows weakly (Brown et al., 2015; Reeves et al., 2013). Changes in 

strength of the Leeuwin Current during the El-Nino are believed to be a major external driver 

of LIA, in the southern Victoria. 

 

The Southern Annular Mode (SAM), also known as the Antarctic oscillation, also influences 

temperature and precipitation in south-western and south-eastern Australia (Hendon et al., 

2007). The SAM describes the north/south movement of the dominating westerly winds that 

have controls on middle to higher latitude in Southern Hemisphere. During positive SAM 

events, westerly winds are moved towards the South Pole and tend to be weaker than normal, 

forming a high pressure system in southern Australia. In contrast, negative SAM events 

reflect an expansion of the strong westerly winds towards the equator, resulting in a low 

pressure system, storms, and more rain in southern Australia (Bureau of Meteorology, 2017; 

Hendon et al., 2007; Page et al., 2010). Sediment core records from Santa Catarina Island, 

Brazil, suggest that a severe storm event occurred during LIA, in the Southern Hemisphere 

(Oliveira et al., 2014). The coupled OPA ocean model and HadAM3 atmospheric model 

show that a strong westerly wind event is capable of establishing conditions in which an El 

Nino event can occur (Lengaigne et al., 2004). Storm records from Lake Tutira, New Zealand 

and Laguna Pallcacocha, Ecuador show La Nina correlates with positive SAM and El Nino 

correlates with negative SAM (Gomez et al., 2012). Therefore, it is more likely that negative 

SAM and an El Nino-like state persisted during the Victorian LIA period. Previous 

temperature reconstruction from the Southern Alps cirque glacier also indicated that El-Nino 

and negative SAM activity during the LIA in New Zealand (Lorrey et al., 2014).  

 

The records with a strong LIA component are all located near the coast in southern Victoria, 

suggesting they were influenced by LC and/or negative SAM. On the other hand, records 

from the south and central of South Australia and eastern Tasmania were located a few 
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hundred km from the main core of the LC. Therefore, boreholes from the south and central of 

South Australia and eastern Tasmania show no apparent LIA signal. The north-eastern 

Queensland climate is controlled by completely different driver compared to the southern 

Victoria. Consequently, borehole reconstruction from north-eastern Queensland did not show 

any effect of LIA during the time of the southern Victorian LIA.  

 

Although the existence of LIA is documented in different places across the globe (Mann, 

2002; Mann et al., 2009; Oliveira et al., 2014; Quamar and Chauhan, 2014), considerable 

discussion continues regarding the spatial variation, the magnitude and timing of a cooling 

event or LIA, between 1200 and 1850 (Grove, 2001; Jones and Briffa, 2001; Ogilvie and 

Jonsson, 2001). Tree ring reconstruction from Tasmania shows a peak cooling period at the 

end of 19th Century (Cook et al., 2000) which is late in comparison to the global occurrence 

of the cooling period (Grove, 2001; Jones and Briffa, 2001). In contrast, our borehole 

reconstruction from the southern Victoria shows peak cooling around 1700 AD, with the 

minimum temperature change of ‒0.6±0.2oC, consistent with the global existence of a LIA 

(Jones and Briffa, 2001; Mann, 2002; Mann et al., 2009). 

 

It is noted that, borehole reconstruction from the southern Victoria shows an intra-regional 

paleotemperature variation with longitude where maximum temperature significantly 

changed from west to east during 20th Century. However, minimum temperature change was 

not significant (Fig. 5). That means temperature of the west and east Victoria went down 

together during the LIA period because of weaker LC and/or negative SAM during that time. 

However temperature increased at a higher rate in the eastern Victoria (Gippsland basin) 

during the 20th Century, probably as a result of the combined effect of strong LC and EAC 

with positive SAM activity. 

5.3 Conflicting trend in temperature and humidity 

Comparison with proxy data on humidity suggests different behaviour in different climate 

zones with humidity and temperature changing together in the north tropics, while they were 

opposite in south especially during and post LIA period. From the 16th to 18th Century, the 

Victorian (Lake Surprise) record displayed a freshening trend on a centennial scale with no 

evidence of drought events and high precipitation to evaporation ratio (Barr et al., 2014). The 

level of Lake Keilambete, in Victoria, marked higher during the 16th to 18th Century (Fig. 8a) 
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(Wilkins et al., 2013). In addition,  salinity levels were low in both Lake Elingamite and in 

Lake Surprise, suggesting that lake levels were higher during that time period (Barr et al., 

2014). Moreover, documentary evidence indicates that Victorian lakes were at maximum 

height and in some cases overflowing during that time period (Jines et al., 2001 and Currey, 

1970). All of these records suggested that Victoria was wet during that time; possibly as a 

result of higher precipitation and/or low evaporation because of the temperature dropping. 

The reconstructions from the southern Victorian boreholes suggest that the temperature 

decreased during the 16th to 18th Century. Therefore, during this time, Victoria was 

characterised by decreased temperatures and increased precipitation/moisture content (Fig. 

8a). During the 19th and 20th Century, however, lake levels were lower (Wilkins et al., 2013), 

salinity levels  increased (Barr et al., 2014) and, borehole reconstruction shows temperatures 

were rising (Fig. 8a). 

 

In contrast, pollen records from Fraser Island (Donders et al., 2006) North Stradbroke Island 

(Moss et al., 2013) in Queensland and the marine core of the northern perimeter of Australia 

(Kershaw et al., 2003) indicate that the north and north-eastern part of Australia had 

persistently wetter and warmer conditions during the late Holocene. Vegetation records from 

Myora springs on North Stradbroke Island in north-eastern Australia, have shown 

intensification of rain forest during the second half of the last millennium (Moss et al., 2011) 

(Fig. 8b). The same study also showed that some of the rainforest taxa decreased during the 

20th Century. However, the 20th Century record was retrieved from the top core (0 to 4 cm 

depth), which is more likely to have been impacted by human landscape modification (Moss 

et al., 2011) and may not be an accurate representation of the climate.  

 

During the 16th and 17th Century when Victorian lake levels were at their peak (Fig. 8a), 

Queensland rainforests were decreasing (Fig. 8b), indicating drier conditions. Later, the 

rainforest was intensified (Fig. 8b) which indicated that the northern tropics were persistently 

wetter during 18th and 19th Century. This wetter condition were also evidenced by augmented 

representation of fire sensitive Casuarinacaeae and decreased charcoal content in the middle-

to-top section of the sediment core and the same time period  (Moss et al., 2011). At the same 

time, according to borehole reconstruction the temperature was increasing (Fig. 8b). This 

suggests that temperature and humidity increased together in north-east Australia (Fig. 8b), 

whereas, in the south they were out of phase, during and after the LIA period (Fig. 8a). The 

Australian climate is influenced by several important oceanic and atmospheric controls. It is 
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believed that one or more of these drivers were responsible for this conflicting trend between 

temperature and humidity in north and south of the continent. 

 

 

(a)Victoria 

 

 

(b)Queensland 

 

Figure 8 Illustration of temperature and humidity changes in southern Victoria and 

north-east Australia using average borehole record and other proxy records. Note that, 
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centennial average salinity content was plotted to reduce high frequency noises and for 

better comparison.  

 

Winter and Autumn rainfall has been decreasing in the south-west of Western Australia, in 

south Australia, Victoria and Tasmania since the mid-20th Century (Cai and Cowan, 2008; Li 

et al., 2005; Meneghini et al., 2007). There are several climate processes that are believed to 

be associated with this reduction in rainfall i.e. a positive trend in SAM (Cai et al., 2003; Li et 

al., 2005), higher mean sea level pressure (Smith et al., 2000), natural variability and global 

warming (Meneghini et al., 2007). As discussed above, during the period of the LIA, the 

climate of the southern Victoria is dominated by a negative SAM like state and wetter 

conditions. On the other hand, in the 20th Century, SAM appears to be an increasing trend 

with positive phase (Bureau of Meteorology, 2017). During a positive SAM, rainfall was 

reduced in the southern part of Australia because of the westerlies moving south and as a 

result of a high pressure system in southern Australia (Cai and Cowan, 2008). 

 

In contrast, SAM does not have any significant effect on variability of the northern Australian 

monsoon and tropical cyclones (Meneghini et al., 2007). Rather, the northern part of the 

continent persistently received higher rainfall because of the position of an Inter-tropical 

convergence zone (ITCZ) on it during summer (Haug et al., 2001; Muller et al., 2008). 

During the Australian summer (November to April) trade winds typically bring deep 

atmospheric convection (Walker Circulation) over the tropics, which causes heavy rainfall 

over the north-east coast of Australia (Reeves et al., 2013). Climate systems acting differently 

in the southern Victoria and in the northern tropics might be responsible for the conflicting 

trend in temperature and humidity, observed in these two regions.  

6. Conclusion 

Borehole reconstructions from south-east Australia provide a synoptic view of the 

paleotemperature history of this region. Generally, reconstructed temperatures from across 

south-east Australia show similar patterns of temperature change with warming commencing 

in the mid to late 19th Century, followed by a more rapid warming in the 20th Century. 

Significant spatio-temporal variations in past ground surface temperature history were 

observed to occur during the last 2000 years, with most of that variation occurring during the 
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last 500 years. Analysis shows that temperature warming started earlier in the northern 

tropics in comparison to other areas and that the magnitude of temperature changes were 

regionally different, but consistent within each region. Only the southern Victorian 

reconstruction shows temperatures decreased during the 16th to 18th Century with peak cold 

era around 1700 AD. We attributed this cold event to the existence of a LIA period in 

southern Victoria. We conclude that weaker LC, El-Nino and negative SAM activities are the 

main drivers behind temperature cooling during this period. Comparison of temperature 

reconstruction from borehole with proxy data on humidity reveals different characteristics in 

different climate zone. In north tropics, temperature and humidity are changes together, while 

they are opposite in the south during and post the LIA period. Enhanced monsoon, ITCZ 

position in the north, and positive SAM activities in the south are responsible for the 

conflicting trend between these two regions. However, because of the complex climate 

system, the ocean currents and variation in ENSO, further investigation is required to identify 

the exact causes. 
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8. Appendix-A: Theory and methods on inversion model 

8.1 Theoretical framework 

The Earth’s sub-surface thermal regime is governed by the temporal variations in the Ground 

Surface Temperature (GST) and the outflow of heat from the Earth’s interior. For a 

homogeneous subsurface with no GST variations and internal heat sources, the temperature 

in the subsurface increases linearly with depth. This temperature profile can be considered to 

be in a quasi-steady state relative to the timescale of recent climatic variations, since it 

depends only on heat flux from the Earth’s interior that varies over very long timescales. 

Temporal variations in ground surface temperature propagate into the subsurface and are 

recorded as transient perturbations to this geothermal quasi-steady state. As a result of heat 

diffusion, the amplitude of the subsurface anomalies is proportional to the duration and 

magnitude of the GST perturbations. In addition, the amplitude of the subsurface anomalies 

decreases with time since their occurrence. To reconstruct the temporal variation in GST, the 

variation in the subsurface temperature as a function of depth is measured in boreholes. 

 

8.1.1 Theory 

For homogeneous, isotropic, source-free half space, the temperature perturbation due to 

temporal ground surface temperature variation, is solution of the diffusion equation in one 

dimension with initial and boundary conditions (Carslaw and Jaeger, 1959) 

𝑘
𝜕2𝑇

𝜕𝑧2
=

𝜕𝑇

𝜕𝑡
… … … … … (1) 

Where k is the thermal diffusivity of subsurface soil or rock, z is depth (positive towards 

down), and t is time. The one dimensional equation can be used if long term surface 
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temperature changes have a spatial wave length muchgreater than the depth to which they 

penetrate (Beltrami and Mareschal, 1995).  In a semi-infinite solid, the present temperature 

perturbation T(z) with past surface temperature T0(t), where t is the time before present, is 

expressed by (Vasseur and Bernard, 1983) 

𝑇(𝑧) =
𝑧

2√𝜋𝑘
∫ 𝑇0(𝑡)𝑡−3/2

∞

0

exp (−
𝑧2

4𝑘𝑡
) 𝑑𝑡 … … … … … (2) 

Equation (2) can be integrated for various model functions describing the ground surface 

temperature history. A perturbation T(z, t)  induced by a periodic surface temperature change, 

T0(t)=cos(ωt)   is expressed by (Mareschal and Beltrami, 1992) 

𝑇(𝑧, 𝑡) = cos (𝜔𝑡 − 𝑧√
𝜔

2𝑘
 ) 𝑒𝑥𝑝 (−𝑧√

𝜔

2𝑘
 ) … … … … … (3) 

This perturbation transmission is similar to a wave and is propagates exponentially with 

depth. The wave is attenuated by a factor 1/e and the skin depth (δ) is dependent on wave 

frequency (ω) and the rock thermal diffusivity (k) can be expressed as 

𝛿 = √
2𝑘

𝜔
… … … … … (4) 

As thermal diffusivity of rock is very low 𝑘 ≈ 10−6 m2 s-1 so the propagation of the thermal 

front into the rock is also very slow. For usual the Earth crust material, a thermal front can be 

propagated to a depth of a few meters in 1 year, 100 meters in 200 years, 500 meters in 1000 

years and within 1000 to 2000 meters depth, the post glacial warming can be observed 

(Appleyard, 2005; Gosselin and Mareschal, 2003; Huang et al., 2000). For an instantaneous 

change of the surface temperature Ti  at times ti  before present, perturbation can be 

represented by integrating equation (2)  

𝑇𝑡(𝑧) = 𝑇𝑖 𝑒𝑟𝑓𝑐
𝑧

2√𝑘𝑡𝑖

… … … … … (5) 

Here,  efrc is the complementary error function. Such perturbations are strongly attenuated 

with depth. In the Earth, the temperature perturbation is superimposed on the equilibrium 

temperature. In a source free half space, the equilibrium heat flow is constant. The 

equilibrium heat flow is usually assessed in the deeper part of the temperature profile which 

is not affected by the recent surface temperature change. The equilibrium temperature is 

extrapolated upward and the perturbation is determined as the difference between the 

measured temperature and the upward continuation of the deep profile. The area between 

these curves represents the net heat absorbed by the ground and the shape of the perturbation 
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can say about long time thermal history of the Earth surface. This history can be determined 

by assuming a model and iterating until a satisfactory fit is obtained or generally, it can be 

found directly by inversion (Beltrami et al., 1992; Beltrami and Bourlon, 2004; Beltrami and 

Mareschal, 1995; Gosselin and Mareschal, 2003; Mareschal and Beltrami, 1992) 

8.1.2 Inversion  

The inversion of borehole temperature profile is an operation that transforms a temperature 

versus depth profile at a given time (the time of measurement) into a temperature versus time 

profile at a given depth. Basically, inversion yields a ground surface temperature history. The 

link between depth and time is through the thermal diffusivity and other thermo-physical 

properties of the rock through which the climate signal is propagating.  

 

The perturbation at depth z, T(z), due to temperature variation at the Earth surface, can be 

written considering the thermal conductivity variations, as the superimposition of the 

equilibrium temperature and the perturbation Tt(z) induced by temporal surface temperature 

condition (Beltrami et al., 1992) 

𝑇(𝑧) = 𝑇0 + 𝑞0𝑅(𝑧) + 𝑇𝑡(𝑧) … … … … … (6) 

Where  T0 is the equilibrium surface temperature, q0 is the surface heat flow density and R(z) 

is the thermal depth between the Earth surface and depth z. The effect of heat production is 

small and can be neglected. In general, short period variations are filtered out by the Earth. 

The surface temperature can be estimated by the average surface temperature over k time 

intervals of equal duration Δ, can be expressed as 

𝑇(𝑡) = 𝑇𝑘(𝑘 − 1) ∆ ≤ 𝑡 ≤ 𝑘∆ … … … … … (7) 

Equation (6) can then be modified as 

𝜃𝑗 = 𝐴𝑗𝑘𝑋𝑖 … … … … … . (8) 

Where 𝜃𝑗 is the measured temperature at depth zj, Xi, is a vector encompassing the unknowns 

{T0, q0, T1,…………Tk},  and Ajk  is a matrix, each row of which contains 1 in the first column, 

the thermal resistance to depth zj in the second column, and the K elements formed by 

evaluating the difference between complementary error functions at times 𝑇𝑘−1 = (𝑘 − 1)∆ 

and 𝑇𝑘 = 𝑘∆ 

𝐴𝑗𝑘+2 = 𝑒𝑟𝑓𝑐 {
𝑧𝑗

2√𝑘𝑡𝑘−1

} − 𝑒𝑟𝑓𝑐 {
𝑧𝑗

2√𝑘𝑡𝑘

} … … … … … (9) 

Equation (9) is an unknown linear equation and can be solved by singular value 

decomposition (SVD) method (Beltrami et al., 1992; Beltrami and Mareschal, 1995; 
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Mareschal and Beltrami, 1992; Menke, 1989). Individual inversions were performed using 

borehole temperature data. Greatest temperature change (GTC) in each borehole was 

calculated to analyse spatial variation of paleotemperature.  
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9. Appendix-B: Meteorological stations  

Meteorological data were collected from following stations to compare with the average temperature reconstruction using borehole during their 

period of overlap (Station opened year to the year of 2000 AD) 

 

State Meteorological stations BoM station 

number 

Latitude 

(oS) 

Longitude 

(oE) 

Elevation (m) Station 

opened 

(Year) 

Data missing 

(%) 

Southern and 

central of South 

Australia 

1. Kent Town (Adelaide) 023090 34.92 138.62 48 1910 0.24 

2. Nuriootpa Viticultural 023373 34.48 139.01 275 1957 0.41 

3. Rayville Park (Snowtown) 021133 33.77 138.22 109 1910 3.59 

4. Woomera aerodrome   016001 31.16 136.81 167 1949 0.26 

5. Marree 017031 29.65 138.06 50 1910 1.09 

Southern Victoria 

(Otway Basin) 

1. Cape Otway Lighthouse 090015 38.86 143.51 82 1910 1.84 

2. Laverton Raaf 087031 37.86 144.76 20 1943 0.99 

3. Melbourne Regional 

Office  

086071 37.81 144.97 31 1910 0.02 

4. North Hill  078015 36.31 141.65 139 1910 9.05 

Southern Victoria 

(Gippsland 

1. Wilsons Promontory 

Lighthouse  

085096 39.13 146.42 95 1910 1.94 
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Basin) 2. East Sale Airport  085072 38.12 147.13 5 1945 0.29 

3. Orbost and  084145 37.69 148.47 63 1938 3.02 

4. Gabo Island Lighthouse 084016 37.57 149.92 15 1910 1.83 

Eastern Tasmania 1. Low Head 091293 41.05 146.79 3 1910 0.44 

2. Launceston  091311 41.55 147.21 167 1910 0.79 

3. Hobart Ellerslie Road  094029 42.89 147.33 51 1918 0.11 

4. Cape Bruny Island and  094010 43.49 147.15 55 1923 0.88 

5. Eddystone Point 092045 40.99 148.35 20 1910 2.9 

North-east 

Queensland 

1. Richmond Post Office 030045 20.73 143.14 211 1910 2.63 

2. Mackay MO 033119 21.12 149.22 30 1910 1.03 

3. Longreach Aero 036031 23.44 144.28 192 1910 0.65 

4. Georgetown Airport 030124 18.3 143.53 302 1910 1.98 

5. Charleville Aero 044021 26.41 146.26 302 1910 1.17 

6. Moreton Lighthouse and 040043 27.03 153.47 100 1910 2.19 

7. Cairns Aero 031011 16.87 145.75 2 1910 0.40 

 
Note: Meteorological data are collected from high quality ACORN-SAT data set. Details can be found in the following website- 

http://www.bom.gov.au/climate/change/acorn-sat/#tabs=Data-and-networks 

 

 

http://www.bom.gov.au/climate/change/acorn-sat/#tabs=Data-and-networks
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