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Abstract. Thirty-six borehole temperature—depth profiles
were analysed to reconstruct the ground surface temperature
history (GSTH) of eastern Tasmania for the past 5 centuries.
We used the singular value decomposition method to invert
borehole temperatures to produce temperature histories. The
quality of borehole data was classified as high or low based
on model misfit. The quality of the borehole data was not
dependent on topography or land use. Analysis reveals that
three to five high-quality borehole temperature—depth pro-
files were adequate to reconstruct robust paleotemperature
records from any area.

Average GSTH reconstructed from Tasmanian boreholes
shows temperature increases about 1.2 +0.2°C during the
past 5 centuries. Reconstructed temperatures were consis-
tent with meteorological records and other proxy records
from Tasmania during their period of overlap. Temperature
changes were greatest around the north-east coast and de-
creased towards the centre of Tasmania. The extension of the
East Australian Current (EAC) further south and its strength-
ening around the north-east coast of Tasmania over the past
century was considered a prime driver of warmer tempera-
tures observed in north-east Tasmania.

1 Introduction

Reconstructions of past temperatures are essential for under-
standing the trajectory of future environmental change, es-
pecially as regards distinguishing between natural variability
and anthropogenic effects on the earth’s climate (Hulme et
al., 1999; St. Jacques et al., 2010; Soltwedel et al., 2015). The
late Holocene is an important time period as it contains some

major global and regional climatic variability, i.e. the Me-
dieval Warm Period (MWP; Polovodova et al., 2011; Quamar
and Chauhan, 2014), the Little Ice Age (LIA; Mann, 2002;
Ponce et al., 2017), and 20th-century global warming, during
a period when large-scale climate parameters such as ocean
circulation and ice sheet extent were broadly similar to to-
day. There is progress in hemispheric (Beltrami and Bourlon,
2004; Neukom and Gergis, 2011) and global (Huang et al.,
2000) average temperature estimation over the last millennia,
but there are still significant uncertainties in understanding
regional responses to global anthropogenic effect (Mann et
al., 2009).

A dearth of paleotemperature records limits knowledge of
past climate during the late Holocene in the Southern Hemi-
sphere and particularly Australia (Jansen et al., 2007; Jones
and Mann, 2004) in comparison with the Northern Hemi-
sphere (Mann and Jones, 2003; Neukom and Gergis, 2011).
In Australia, proxies used to reconstruct past terrestrial tem-
perature history are clustered in Tasmania (Colhoun, 2000;
Cook et al., 2000; Fletcher and Thomas, 2010; Mackenzie
and Moss, 2014; Rees and Cwynar, 2010), the eastern trop-
ics (Moss et al., 2012, 2013; Moss and Neil, 2011; Petherick
et al., 2013), and the west coast of Australia (Gergis et al.,
2016; Kuhnert et al., 1999, 2000), which means they do not
provide representative cover of the diverse climates across
the continent. Paleotemperature reconstructions from bore-
hole records have the potential to supplement existing cli-
mate proxy data and increase the spatial density of historical
climate records across the Australian continent. However, in
many areas of Australia and indeed worldwide, the borehole
data available to reconstruct past temperatures is limited and
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the number of boreholes required to reconstruct robust past
temperature has not been established.

Tasmania is an island located 240 km to the south of the
mainland of Australia, between 41 and 43° S. Tasmania is
positioned in an area that is subject to significant climate
variability and change. Components of global circulation pat-
terns, such as the East Australian Current (EAC), Leeuwin
Current (LC), Tasman Front (TF), and EI Nifio—Southern Os-
cillation (ENSO), play a major role in south-east Australia
and the Tasmanian climate (Forootan et al., 2016; Hamil-
ton, 2006; Herraiz-Borreguero and Rintoul, 2011; Meuleners
et al., 2008; O’Kane et al., 2011). At the same time, global
warming during the 20th century is observed to be acceler-
ating and likely influencing local climate processes, which
is thought to be contributing to temperature rise and envi-
ronmental change in Tasmania (Colhoun, 2000; Fletcher and
Thomas, 2010; Rees and Cwynar, 2010).

High-quality instrumental data records in Tasmania are
usually only available for the last 100 years (Bureau of Me-
teorology, 2016a), and records of this length are restricted to
around Hobart and Launceston. The reconstruction of past
temperature histories prior to the 1900’s thus relies on cli-
mate proxies such as tree rings (Cook et al., 2000, 2006), chi-
ronomids (Rees et al., 2008; Rees and Cwynar, 2010), vege-
tation types (Colhoun, 2000; Mackenzie and Moss, 2014),
lake levels (Colhoun et al., 1999; Fletcher and Thomas,
2010), and sediment (Townsend and Seen, 2012), each of
which have drawbacks for reconstructing past climatic vari-
ability (Huang et al., 2000). For instance, in many cases cli-
mate reconstruction from lake level or pollen records are of-
ten a record of dry or wet conditions rather than the quan-
tification of past temperature history. Further, measurement
of the magnitude and temporal variation in past climate from
these proxies is quite challenging.

The earth’s sub-surface contains a memory of past surface
temperatures (Beltrami and Mareschal, 1995; Chouinard et
al., 2007; Pollack et al., 2006). The shallow sub-surface tem-
perature is governed by the time-varying boundary condi-
tion at the surface and by the heat emitted from the earth’s
interior. In the absence of surface temperature fluctuations,
an “ideal” equilibrium temperature profile in homogenous
bedrock is characterized by a linear increase with depth.
When surface temperature variations occur, a thermal front
propagates downward (Appleyard, 2005; Pollack and Huang,
2000). The rate of downward propagation depends on sub-
surface rock thermal diffusivity (k), which in general for
rock is very low (k~ 10~ m? s~1; Gosselin and Mareschal,
2003a). Thus, the downward propagation of climatic sig-
nals is slow; i.e. the past 200 years of record is contained
in the topmost 100 m, and the post glacial record is con-
tained within 1000-2000 m (Gosselin and Mareschal, 2003a;
Huang et al., 2000). The measurements of present-day tem-
peratures down boreholes can therefore extract a record of
past surface temperature conditions. This method is not lim-
ited to geographical location; it can theoretically be recon-
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structed at any location by drilling a borehole and recording
precise downhole temperatures. These records provide direct
but low temporal-resolution paleoclimate records that com-
plement both the climate proxies and instrumental records.

Using borehole data, past temperature history has been re-
constructed in many areas across the world: in North Amer-
ica (Beltrami et al., 2003; Chouinard et al., 2007; Gos-
selin and Mareschal, 2003b; Guillou-Frottier et al., 1998;
Mareschal and Beltrami, 1992), Europe (Bodri et al., 2001;
Bodri and Cermak, 1998; Bodri and Dovényi, 2004; Kukko-
nen and Clauser, 1994; Mareschal and Vasseur, 1992), Asia
(Akkiraju and Roy, 2011; Goto et al., 2005; Roy et al., 2002;
Roy and Chapman, 2012), and Australia (Appleyard, 2005;
Pollack et al., 2006) as well as in hemisphere and global av-
erages (Beltrami and Bourlon, 2004; Huang et al., 2000; Pol-
lack and Huang, 2000). However, the quality of borehole data
needed to reconstruct past temperature history and the min-
imum number of high-quality boreholes required to recon-
struct plausible past temperature history is not well addressed
in the literature. Additionally, characterizing the spatial vari-
ation in paleotemperatures is limited to studies in Canada
(Beltrami et al., 2003; Gosselin and Mareschal, 2003a, b) and
the Northern Hemisphere (Beltrami and Bourlon, 2004), but
it is essential to examine other parts of the globe particularly
in different climatic context.

Using a borehole network from eastern Tasmania, this
study investigates the quality of borehole data and the min-
imum number of boreholes required to reconstruct plausi-
ble past temperature records. In addition, we explore intra-
regional paleotemperature variability using the reconstructed
Tasmanian paleotemperature record.

2 Study region

Tasmania is located at the southernmost extent of the Aus-
tralasian continental plate. Tasmania was connected with the
mainland of Australia during glacial periods (Colhoun et
al., 1999; Rees et al., 2008) but is presently separated from
mainland Australia by the 250 km wide Bass Strait (Jackson,
2005). In spite of its association with the mainland, Tasmania
is dominated by oceanic climate.

Westerlies known as the Roaring Forties provide year-
round precipitation in Tasmania (Rees and Cwynar, 2010).
However, the amount of precipitation strongly varies from
west (super-humid) to east (sub-humid/semiarid) (Colhoun,
2000; Fletcher and Thomas, 2010). The average (1961-1990)
annual mean temperature is 10.4°C, with an average an-
nual maximum temperature of 14.7°C and an average an-
nual minimum temperature of 6.0°C in Tasmania (Bureau
of Meteorology, 2016b). Sporadic intrusions of cold air from
Antarctica can produce frost and snow at any time of the year.
On the other hand, dry and warm air from mainland Australia
sometimes causes temperatures that may exceed 40 °C (Rees
et al., 2008).

www.clim-past.net/13/559/2017/
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Figure 1. Location of 36 boreholes sites in Tasmania. High-quality
ACORN-SAT (Bureau of Meteorology, 2016b) meteorological sta-
tions are shown by stars.

Borehole temperature and conductivity data required for
paleotemperature reconstruction were available from 36
boreholes (Supplement Table S1) collected from eastern
Tasmania between 41°10" and 43°33'S and 146°22’ and
148°14' E (Fig. 1). Bedrock in eastern Tasmania is mainly
dolerite and metasediment (Mclintosh et al., 2012), and the
landscape is generally of low altitude and relief. Native land
cover is mainly evergreen eucalypt forest, alpine heathlands,
cool temperate rainforest, and moorlands. However, much of
the area has been modified or cleared for agriculture or been
subject to forestry operations (Geoscience Australia, 2007).

3 Methods

Temperature reconstructions using data from boreholes rely
on measuring the deviation from an ideal constant tempera-
ture gradient. The difference between the temperature mea-
sured down a borehole and a constant temperature gradient
from the centre of the earth represents the total amount of
warming and cooling (Fig. 2) in the ground after a change
in surface boundary conditions (Gosselin and Mareschal,
2003a). The temporal variation and the magnitude of the tem-
perature changes are related to the depth and departure from
steady state.

The 36 borehole temperature—depth profiles from Tasma-
nia were inverted individually to reconstruct the past ground
surface temperature history (GSTH) of the region. The in-
version of the 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
GSTH. The link between depth and time is through the ther-
mal diffusivity and other thermophysical properties of the
rock through which the climate signal is propagated.

www.clim-past.net/13/559/2017/
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Figure 2. Schematic diagram of borehole temperature—depth pro-
files showing ground surface temperature (a) warming and (b) cool-
ing. Dashed and Solid line indicates the steady-state and mea-
sured temperature respectively. Ty represent ground temperature at
steady-state condition.

The perturbation at depth z, 7'(z), caused by temperature
changes at the earth surface, can be expressed considering the
thermal conductivity variations, as the superimposition of the
equilibrium temperature and the perturbation 7;(z) induced
by temporal surface temperature condition (Beltrami et al.,
1992):

T(z) = To+qoR(2) + Ti(2), @

where Tp is the equilibrium surface temperature, go is the
surface heat flow density, and R(z) is the thermal resistance
to 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, estimated by the
average surface temperature over k time intervals of equal
duration A, can be expressed as

TH)=Ti(k—1)A <t <kA. 2
Equation (1) can then be modified as
0; =AjrX;, ©))

where 6; is the measured temperature at depth z;, X; is
a vector encompassing the unknowns {7y, go, T1...T¢}, and
A ji is a matrix, each row of which contains 1 in the first
column, the thermal resistance to depth z; in the second
column, and the K elements formed by evaluating the dif-
ference between complementary error functions at times
Ti—1=(k—1)A and Ty, = kA:

& ] —erfc [ a
2V kt_1 2/ kty,

Equation (4) is a linear equation that can be solved by singu-
lar variable decomposition (SVD; Beltrami et al., 1992; Bel-
trami and Mareschal, 1995; Mareschal and Beltrami, 1992;
Menke, 1989).

Borehole temperature inversions were completed using a
Matlab SVD script (Clauser and Mareschal, 1995; Mareschal
and Beltrami, 1992) based on the above equations. The inver-
sion technique computes no temperature change at the deep-
est point of the borehole and starting time of the simulation.

Ajiio =erfc [ ] : (4)
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Thus, the GSTH is reconstructed from the deviation of bore-
hole temperatures from steady state considering no change at
the deepest point.

Most of the Tasmanian boreholes used in this study were
shallow, ranging in depth from about 200 to 300 m. This
depth can potentially record the last 500 years of tempera-
ture history. Therefore, we used a linear time step distribu-
tion, whereas for a longer history (>10 000 years) a logarith-
mic distribution is usual practice (Mareschal and Beltrami,
1992).

Prior to temperature inversions, where appropriate, bore-
hole temperatures were corrected for variations in thermal
conductivity. Most of the boreholes used for our tempera-
ture reconstructions were drilled through dolerite that has
limited variations in thermal conductivity and thus required
no temperature correction. Twelve boreholes were located in
lithologies with variable thermal conductivity (indicated by
*in Supplement Table S1), and temperature profiles were
corrected to improve precision in GSTH reconstruction. For
the 12 boreholes requiring correction, average thermal con-
ductivity was calculated for all sub-surface lithologies, and
subsequently the harmonic mean of thermal conductivity
was calculated to have a single value for the borehole. Heat
flow was calculated using all sub-surface thermal conductiv-
ity values and downhole temperature data were recalculated
through back propagation using calculated heat flow and the
harmonic mean of the thermal conductivity of the borehole.

The thermal diffusivity (k) of rock is expressed by the fol-
lowing equation:

A
k= ,
cXp

©)

where A is the thermal conductivity and, for most minerals
and rocks, the product of ¢ x p is about 2.3 x 106 Jm—3 K1
(Beardsmore and Cull, 2001). Small variation in thermal con-
ductivity does not have a great effect on thermal diffusivity,
nor the reconstruction of GSTH. In the present research, for
simplicity thermal diffusivity of 1.0x 10~ m~2 s~ was used
for all boreholes.

We also collected commonly measured topographic, ge-
ologic, and climatic data that may have an effect on past
temperature reconstruction. Geographic character, i.e. slope,
aspect, relief, and distance from the coast, were measured
from the Shuttle Radar Topography Mission (SRTM) 30m
resolution digital elevation model (Rabus et al., 2003; Zyl,
2001) using ArcGIS v10.2.1. Land use and the change in land
use since 1982 were compiled from Landsat, Google Earth
satellite imagery and from Forestry Tasmania. Core samples
and drill chips were used to determine the sub-surface lithol-
ogy. Details of data compilation are described by Suman and
White (2017). High-quality climate network data were used
to assess local climate variations for the 20th century (Bureau
of Meteorology, 2016b). In addition, we compared our re-
construction with tree rings (Cook et al., 2000) and Southern
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Hemisphere sea surface temperature using HadSTT 3.1.1.0
data (Kennedy et al., 2011).

4 Results

4.1 Detection of reliable borehole data

In principle, in a conductive thermal regime, a precise
temperature inversion process will provide a modelled
temperature—depth profile that coincides closely with the
measured temperature—depth profile. Deviation between
modelled and measured temperature—depth profiles indicates
that the modelled GSTH is inaccurate or at least imprecise.
Here, we test whether or not the misfit (i.e. difference) be-
tween measured and modelled temperature data down the
borehole can be used as a guide to the reliability of any given
borehole-derived GSTH (Fig. 3).

Normally, misfits are generated during inversion at every
point throughout the borehole where measured data are avail-
able. We assessed two measures of model-data misfit to de-
termine if they were a reliable means of measuring the qual-
ity of the borehole records. The first was “sumsq misfit” cal-
culated as the sum of the squares of all misfit data, based
on the sum of the variance between the model and mea-
sured data at each depth of temperature logging. The second
method, termed “cumulative area misfit”, was calculated in
a similar way, but the misfit values were first smoothed to
remove the high-frequency noise present in most borehole
data. Smoothing was achieved with a low-pass filter that av-
eraged 49 data points, 24 above and 24 below each value,
at each temperature logging point. The smoothed misfit was
then summed across each depth to produce the single cumu-
lative area misfit value (Fig. 4). Based on sumsq and cumu-
lative area misfit, we found three boreholes possessing low-
quality borehole temperature data.

To test if the sum square and cumulative area misfit also
provides a measure of the accuracy of the past tempera-
ture history, we conducted an empirical test. Each bore-
hole GSTH was compared to the average from the 33 bore-
holes with high-quality temperature data. The average of the
33 borehole temperature profiles had previously been shown
to have good agreement with the meteorological record
(Suman and White, 2017) during their period of overlap.
Thus, the difference between each borehole and the average
could be considered to provide a reliable measure of the ac-
curacy of each borehole temperature reconstruction.

Both the sumsg and cumulative area misfit correlate with
differences in paleotemperature from average GSTH. So,
both misfits could be used as basis of quantifying the accu-
racy of the borehole record. However, the cumulative area
misfit was calculated from an average of 49m (in gen-
eral Tasmanian borehole temperature data were collected at
1 m intervals), which reduces the magnitude of any specific
trends in the misfit data. Therefore, we consider that the cu-
mulative area misfit provides the more reliable measure and

www.clim-past.net/13/559/2017/
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Figure 3. (a) High deviation between measured and modelled temperature—depth profile and borehole records classified as low quality.
(b) Very low deviation between measured and modelled temperature—depth profile and borehole records classified as high quality.

Figure 4. Misfit between measured and modelled temperature pro-
files at Beaconsfield. The raw misfit contains substantial high-
frequency noise, while the smoothed misfit is much more represen-
tative of the low-frequency variations that are more significant for
the accuracy of paleotemperature reconstructions. Sumsq misfit and
Cumulative area misfit values referred to in the text are effectively
the area between the curves and the y-axis of the unsmoothed and
49-point smoothed misfit values respectively.

will use it from here on. Boreholes with low model misfit
and lower differences in paleotemperature between individ-
ual and average reconstruction of all boreholes are consid-
ered better quality.

Based on the cumulative area misfit and the greatest tem-
perature change (GTC) in each borehole, we classified the
Tasmanian borehole data set into two broad groups: bore-
holes with high- and low-quality data. GTC was calculated

www.clim-past.net/13/559/2017/

from the reconstructed time series considering maximum mi-
nus minimum temperature change based on the long-term
average (1500 to 1700 AD). Data from 3 out of 36 bore-
holes produced very high cumulative area misfits and incon-
sistent temperature change; therefore, they were categorized
as low quality (Fig. 5). These three profiles may be affected
by groundwater flow or downhole temperature measurement
errors during logging. The remainder produce low cumula-
tive area misfit and consistent temperature change and there-
fore were classified as being of high quality (Fig. 5).

In boreholes with high-quality data, the GTC varies
from 0.57 to 1.92°C, with a relatively low cumulative
area misfit in last 500 years (Fig. 5). In this category,
most boreholes show comparably consistent GTC during the
last 500 years. The five best boreholes — Nunamara, Ben
Lomond, Swan, Lisle, and Beaconsfield — with the lowest
area misfit (<0.01m? m~1; Fig. 5, holes are circled) can be
considered to provide a robust reconstruction of past temper-
ature from that region. In boreholes with low-quality data, the
GTC varies considerably, from 2.5 to 6.5°C, and displays a
high model misfit in the last 500 years (Fig. 5).

The availability of borehole data is limited in many areas
and drilling boreholes is costly. So, understanding the qual-
ity of borehole data and the number of boreholes required
to reconstruct a plausible past temperature history is useful
for the interpretation of the existing records. Theoretically,
boreholes with lowest area misfits are free of non-climatic
perturbation that can provide plausible past temperature his-
tory, and they are less variable with the average high-quality
borehole reconstruction.

Standard deviation can be used to measure variability in
GTC in different groups. The standard deviation of GTC
from boreholes with low (<0.01 m? m~1), moderate (0.01-
0.1m?m~1), and high (>0.1 m? m~1) area misfits increases
from 0.2 to 0.4 and 2.0 °C respectively. Therefore, five bore-
holes (Fig. 5) with an area misfit <0.01m?m~1 show the
lowest variation in their GTC, and variation increases signif-
icantly within boreholes with increasing area misfit.

Clim. Past, 13, 559-572, 2017
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Figure 6. (a) Borehole temperature profile (Oatlands borehole) suspected to have been affected by groundwater movement at ~ 200 m. The
upper discontinuity may be due to horizontal groundwater flow. (b) Broken drill core from 197.7 to 202.8 m. The high frequency of fractures
suggests highly permeable rock and groundwater movement (Photo courtesy of Oatlands borehole, KUTh energy, Tasmania).

Beside this, the strength of the correlation among time
series decreases with the increase in area misfit of bore-
holes. The correlation matrix shows the highest correlation
among the best three to five boreholes with an area misfit
<0.01 m?m~L. Moreover, these three to five boreholes’ av-
erage temperature record correlates highly with the surround-
ing average meteorological record (r = 0.95; p value = 0.00)
during their period of overlap and other proxy results. There-
fore, we concluded that three to five boreholes with an area
misfit <0.01 m2 m~! can be used for plausible past tempera-
ture reconstruction from any other area. Boreholes with mod-
erate area misfits may also provide reliable GSTH but would
require twice this number of boreholes to provide a similarly
precise GSTH measurement.

To check whether there was a geophysical basis for
the misfit observed in the boreholes with low-quality data,
we also checked the shape of the downhole temperature

Clim. Past, 13, 559-572, 2017

records (Fig. 6a) and the core retrieved from these boreholes
(Fig. 6b). In each of the three boreholes with low-quality
data, it appears that it was the function of groundwater that
affected temperature—depth profiles. This is indicated by pro-
files with an inconsistent temperature gradient, a break in the
temperature profile, missing data, etc., and corresponding to
fractured drill core indicating permeable lithologies (Fig. 6).

We also investigated whether the extent of model-data
misfit correlated with geographic or topographic properties.
Lithology appears to correlate with borehole data—model
misfit. Analysis shows that boreholes which are located in
sedimentary rocks produce lower area misfit in comparison
to boreholes which are located in dolerite or in mixed litholo-
gies (Fig. 7). However, the significance of the correlation is
not clear, as many of the factors likely to produce perturbed
temperature profiles (e.g. rock fracture density, uncorrected

www.clim-past.net/13/559/2017/
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Figure 7. Relationship between area misfit and borehole sub-
surface lithology. Error bars represent standard errors, with a 1o
confidence interval.

variability in thermal conductivity) are higher in the sedi-
mentary rocks.

Topographic and geographic factors such as elevation,
slope, aspect, relief, easting, and distance from coast were
not significantly correlated with cumulative area misfit (Ta-
ble 1; p values are calculated at a 95% confidence inter-
val). However, the northing is significantly correlated with
the cumulative area misfit (p value =0.03). Boreholes with
low area misfits are located in a higher northing area. This
is perhaps due to the pattern of sub-surface lithology. The
south-east area of Tasmania is rich in Parmeener and do-
lerite, whereas the north-east region is dominated by mixed
geology i.e. Devonian granites, Ordovician Mathinna beds,
etc. (Seymour et al., 2007). Beside this, most of the sediment
boreholes are located in the south of Tasmania.

4.2 Reconstruction of GSTH

Thirty-three borehole temperature—depth profiles (Supple-
ment Fig. S1) show a relatively consistent temperature gradi-
ent throughout the holes, with the exception of temperature
increases toward the surface, indicative of recent warming.
The reconstructed GSTH based on these boreholes show rel-
atively stable temperature trends (Fig. 8) until the end of the
19th century. As the diffusive nature of the borehole temper-
ature record filters out high-frequency variability, the tem-
poral resolution of the record decreases exponentially with
time. Thus, the data should be considered to provide stable
means. There was no change in centennial-mean tempera-
tures in the borehole reconstruction between the 15th and
19th centuries, and this was followed by a sharp increase in
the 20th century (Fig. 8). This is consistent with other stud-
ies from Australia (Appleyard, 2005; Pollack et al., 2006),
Canada (Beltrami et al., 1992, 2003; Chouinard et al., 2007;
Gosselin and Mareschal, 2003a), Europe (Bodri et al., 2001;
Bodri and Dévényi, 2004; Veliciu and Safanda, 1998), and
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Table 1. The relationship between potential geographical and topo-
graphical attributes with cumulative area misfit.

Attribute R-squared P values
(area)
Elevation 0.025 0.38
Distance from coast 0.000 0.98
Slope 0.036 0.29
Aspect 0.011 0.56
Relief 0.021 0.42
Northing 0.146 0.03
Easting 0.014 0.51

Asia (Goto et al., 2005; Roy et al., 2002; Roy and Chapman,
2012).

Most of the reconstructed Tasmanian GSTH from bore-
holes recorded a consistent increase in temperature since
1900. Theoretically, low-resolution reconstruction from
borehole temperature data is not capable of displaying any
decadal variability in past temperature history. However,
seven holes considered to have high-quality data (Rocher-
lea, Epping, Temple Bar, Weymouth, Elizabeth, Frankford,
and Tunbridge) show cooling during the mid-20th century
before rapid warming in the late 20th century. Most of these
boreholes are located in consistent dolerite (Rocherlea, Ep-
ping, Temple Bar, and Elizabeth) and mudstone (Weymouth)
lithologies that are likely to have produced a relatively more
reliable temperature record than mixed lithology boreholes.
We did not find any relation between these boreholes and to-
pographic and geologic factors to cluster them separately.

We consider these patterns probably either due to site-
specific truncation error or random variability in the borehole
temperature data. Although the meteorological record on a
national scale in Australia also shows a cooling event during
the mid-20th century (Karoly and Braganza, 2005; Nicholls,
2003; Nicholls and Collins, 2006), it is very unlikely to cor-
relate this mid-20th-century cooling event with the above-
mentioned seven-borehole cooling event during the early to
mid-20th century.

The average reconstructed ground surface temperature
warming was found to be 1.2 +0.2°C in the last 500 years
across eastern Tasmania with most of this warming occur-
ring in the late 20th century (Fig. 8). Average borehole recon-
struction correlates significantly (r =0.9 and p value =0.00)
at the 0.05 level with the surrounding average meteorological
record.

The reconstructed changes in temperature were observed
to vary spatially across the region (Fig. 9). A higher tempera-
ture change is observed around the north-east coast of Tasma-
nia. We did not find any significant relation between the GTC
and geologic and topographic factors. Details were reported
in Suman and White (2017). Thus, only climatic factors and
land use are responsible for this observed spatial variability.
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Figure 8. Reconstructed GSTH from the Tasmanian high-quality data set. The red line shows average reconstruction from 33 boreholes and
temperature anomalies based on the long-term average (1500 to 1700 AD). The black line represents average temperatures from meteoro-
logical data compiled from the surrounding five (Low Head no. 091293, Launceston no. 091311, Hobart no. 094029, Cape Bruny Island no.
094010, and Eddystone Point no. 092045) meteorological stations. Temperature change in the meteorological record was calculated from the
mean of 1961 to 1990. Inset in panel (a): reconstruction from seven boreholes shows early to mid-20th-century cooling before rapid warming
at the end of the 20th century. Individual and average borehole reconstructions with an average meteorological record are only shown for the

20th century for visibility (b).

Higher temperature change was found close to the coast
compared with the midlands of Tasmania. The distance of
the borehole from the coast is moderately correlated (nega-
tively) with the GTC (Fig. 10). The relation is statistically
significant at the 0.05 level (p value = 0.03).

4.3 Variation due to land use

Our study showed that land use has a limited spatial and tem-
poral correlation with reconstructed temperatures. The re-

Clim. Past, 13, 559-572, 2017

constructions found slightly higher temperature changes us-
ing data from the boreholes located in grass area compared
with those from forested areas, and the difference between
them was higher at the end of 20th century. This was es-
tablished using only the available land use data since 1980,
which provided a limited opportunity to test spatial and tem-
poral variation in paleotemperature based on land use change
during the whole period of simulation since 1500 AD. How-
ever, the available data period shows that temperature change
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Figure 9. Spatial variation in regional GTC in Tasmania during the
past 500 years. The colours represent area misfit between measured
and modelled downhole temperature data. Dark green: <0.04; pale
green: 0.04-0.06; khaki: >0.06 (to 0.08) m2 m—1. Symmetric repre-
sentation and flow directions of two major current systems around
Australia are presented in the inset: the EAC and the LC (dashed
line represents the extent of Leeuwin current during La Nifia phase).

due to land use is statistically insignificant (independent sam-
ple ¢ test; p value = 0.21) at the 0.05 level.

Pollen records from western Tasmania (Colhoun et al.,
1999; Colhoun, 2000), the central plateau (Hopf et al., 2000),
and eastern Tasmania (Mackenzie and Moss, 2014) show
that Tasmanian vegetation did not change greatly during the
mid to late Holocene. In addition, historical analysis also
shows that, despite changes in species composition (Fen-
sham, 1989), the overall landscape vegetation structure of
midland Tasmania has not change sufficiently in the last few
hundred years to affect the observed trends in GSTH. There-
fore, it is less likely that vegetation changed prior to the
1980s is the driver of the spatial variation in paleotemper-
ature in Tasmania.
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Figure 10. Correlation between the GTC and the distance of the
borehole location from the coast.

5 Discussion

The detection of good boreholes is very important for the
reconstruction of a plausible temperature history as well as
for the area where the availability of borehole data is lim-
ited. In this study, we proposed a new technique to define the
quality of borehole data for paleotemperature reconstructions
based on area misfit. We have found that boreholes with low
area misfit produce consistent temperature changes in the last
500 years (Fig. 5). These temperature changes are compara-
ble to average meteorological data from the same area during
their period of overlap (Fig. 8). Analysis shows that it is pos-
sible to reconstruct robust paleotemperature by ~ three to
five high-quality boreholes from a region with an area misfit
<0.01 m? m~! depth of borehole.

Temperature changes during the past 5 centuries on the
continental scale are in found in North America (1.2 K),
South America (1.4 K), Europe (0.8 K), Africa (0.8K), and
Asia (1.2 K) (Huang et al., 2000; Pollack and Huang, 2000);
these are comparable to our reconstructed average GTC.

5.1 Comparison with proxy result

Reconstructed temperature records using the Tasmanian
borehole data agree well (r =0.839 and p value =0.000)
with records of the Southern Hemisphere sea surface tem-
perature (SST; Fig. 11) during their period of overlap. SST
anomalies are relative to 1961-1990 and increased about
1.0°C during in the 20th century (Kennedy et al., 2011).
Temperature reconstruction from our boreholes also
agrees fairly well with the Mt Read Huon pine den-
drochronology (Cook et al., 2000) (»=0.333 and p
value=0.001, Fig. 11). The low temporal resolution
(roughly centennial) of the borehole GSTH in the early part
of the record means that the decadal variability seen in the re-
constructed tree ring result (Cook et al., 2000) is not observed
in the boreholes, leading to a low Pearson correlation coef-
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Figure 11. Comparison of temperature histories reconstructed us-
ing borehole data with those from Tasmanian dendroclimatological
reconstruction and Southern Hemisphere sea surface temperature
data.

ficient. However, importantly, both boreholes and tree ring
temperature reconstructions show a relatively stable centen-
nial average temperature between 1500 and 1850 AD. Some
correlation between boreholes and tree rings is also seen with
a short (20-30-year) cool period in the early 20th century,
with seven boreholes recording temperature cooling at this
time that may correlate with the ~ 0.5 °C dip seen in the tree
ring record (Cook et al., 2000). Finally, both our borehole re-
construction and tree ring records show rising temperatures
toward the end of the record, although the magnitudes differ,
with the boreholes on the north-east Tasmanian coast record-
ing larger increases than the tree rings on the central upland
plateau.

Temperature reconstruction using the chironomid record
from Platypus Tarn in Tasmania also shows an increase in
temperature of about 1°C during the 19th and 20th century
(Rees and Cwynar, 2010). The 20th-century warming cap-
tured by the chironomid proxy data is comparable to the
borehole reconstruction. Pollen records (Anker et al., 2001;
Fletcher and Thomas, 2010; Mackenzie and Moss, 2014) and
lake records (Colhoun et al., 1999; Hopf et al., 2000) from
Tasmania indicate recent warming or drying with stable cli-
mate during the late Holocene, which also shows some cor-
relation with our borehole reconstruction.

5.2 Spatial variation

Ocean climatology is an important driver of the Tasmanian
climate. The LC flows more strongly during La Nifia phase
and extends further east (Fig. 9, Reeves et al., 2013; Petherick
et al., 2013) up to around the north-west coast of Tasmania.
However, during El Nifio years, the LC flows weakly and the
current does not reach around Tasmania. Due to the sporadic
strength of the LC around the north coast of Tasmania, it may
have a limited effect on temperature change in that region.
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The EAC (O’Kane et al., 2011; Ridgway and Dunn, 2003;
Wilkin and Zhang, 2007) brings warm water around eastern
Australia from north to south and flows eastwards into the
Tasman Sea from the east coast of Tasmania (Fig. 9; Ridg-
way and Hill, 2009; Ridgway and Dunn, 2003). During aus-
tral summer time (January—May), the EAC brings warm wa-
ter towards the north and east coast of Tasmania (Ridgway,
2007; Ridgway and Dunn, 2003); this may be a driver of
higher temperature changes around the north-east coast of
Tasmania.

Borehole records were not available on the west coast of
Tasmania. Therefore, it was difficult to show any trend in
temperature change from the far west to the east of Tasma-
nia from borehole data alone. However, comparing a 20-year
low-pass-filtered tree ring reconstruction from Mount Read,
western Tasmania (Cook et al., 2000), with boreholes from
north-eastern Tasmania shows that the mean borehole re-
construction was significantly (independent sample ¢-test p
value = 0.02) higher during the 20th century.

The observation record from Maria Island, located on the
east coast of Tasmania, shows that the region became both
saltier and warmer, with mean trends of 0.34 psu century 1
and 2.28°C century~1 over the 1944 to 2002 period (Ridg-
way and Hill, 2009). The same study also shows that the EAC
strengthened and extended further southward during this pe-
riod. The enhanced warming in the region is also indicated
by the result from SST using the Comprehensive Ocean-
Atmosphere Data Set (Smith and Reynolds, 2003). Beside
these, model studies also estimate the extension of the EAC
towards the south and its strengthening around the north-
east of Tasmania (Cai et al., 2005; Cai, 2006). In addition,
the warming of the Tasman Sea around north-eastern Tasma-
nia is also indicated by the movement of some temperature-
sensitive marine species (Centrostephanus rodgersii, Carci-
nus maenas) from the north tropics towards the south in the
last century (Ling et al., 2008; Pittock, 2003; Thresher et al.,
2003).

Our GSTH provides evidence that this offshore warming
produced by an enhanced EAC increased temperatures on
land. Borehole temperature increases during the 20th cen-
tury were higher near the coast when compared to the overall
borehole data set (Fig. 9). Therefore, it is more likely that the
southward extension and strengthening of the warm EAC in-
fluenced the pattern of temperature changes in north-eastern
Tasmania during the 20th century. The high-quality meteoro-
logical network also shows higher temperature change on the
north-eastern Tasmanian coast during the 20th century (data-
available period, Fig. 12) (Bureau of Meteorology, 2016b) in
compared to the other midland stations. Our data refine the
geographic extent of this enhanced warming and suggest that
it has been most important within ~ 50 km of the north-east
coast.
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Figure 12. Meteorological record from eastern Tasmania (Bureau of Meteorology, 2016b).

6 Conclusion

Temperature—depth profiles from 36 boreholes across east-
ern Tasmania were analysed to reconstruct GSTH for the
past 5 centuries. Detailed analysis reveals that not all bore-
hole temperature—depth data are suitable for inversion to re-
construct GSTH. Borehole data can be categorized as be-
ing of high or low quality based on sum squared and cu-
mulative area misfit. While sub-surface lithology may be
a factor in determining borehole quality, we did not find
any specific relationship between the quality of the borehole
with topography and land use. Overall, between three and
five high-quality boreholes with an area misfit <0.01m?m~—1
temperature—depth profiles are enough to reconstruct robust
paleotemperature from any area.

Our 5-century temperature reconstruction is characterized
by a temperature increase of 1.2 +0.2 °C, with most of the
warming occurring during in the 20th century. The average
temperature reconstructions from boreholes agree well with
high-resolution Tasmanian surface air temperature during
their period of overlap. GSTH reconstructed from boreholes
also agrees well with other proxy reconstructions from the
Tasmanian region. Reconstructed temperature profiles shows
higher temperatures around the coast and decrease towards
the centre of Tasmania. Warmer ocean temperatures due to
the extension of the EAC towards the south and the strength-
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ening around north-east Tasmania over the past century may
be the driver of a warmer north-eastern coast of Tasmania.
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