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Abstract 35 

This study presents the first multi-proxy warm season (September–February) temperature 36 

reconstruction for the combined land and oceanic region of Australasia (0ºS–50ºS, 110ºE–180ºE). 37 

We perform a 3000-member ensemble Principal Component Reconstruction (PCR) using 27 38 

temperature proxies from the region. The proxy network explained 69% of the inter-annual variance 39 

in the HadCRUT3v SONDJF spatial mean temperature over the 1921–1990 calibration period. 40 

Applying eight stringent reconstruction ‘reliability’ metrics identified post A.D. 1430 as the highest 41 

quality section of the reconstruction, but also revealed a skilful reconstruction is possible over the 42 

full A.D. 1000–2001 period. 43 

The average reconstructed temperature anomaly in Australasia during A.D. 1238–1267, the 44 

warmest 30-year pre-instrumental period, is 0.09°C (±0.19°C) below 1961–1990 levels. Following 45 

peak pre-industrial warmth, a cooling trend culminates in a temperature anomaly of 0.44°C 46 

(±0.18°C) below 1961–1990 levels between A.D. 1830–1859. A preliminary assessment of the 47 

roles of solar, volcanic, and anthropogenic forcings and natural ocean–atmosphere variability is 48 

performed using CSIRO Mk3L model simulations and independent palaeoclimate records. Solar 49 

and volcanic forcing does not have a marked influence on reconstructed Australasian temperature 50 

variations, which appear to be masked by internal variability.  51 

In 94.5% of the 3000-member reconstruction ensemble, there are no other warm periods in the 52 

past 1,000 years that match or exceed post-1950 warming observed in Australasia. The unusual 53 

20th century warming cannot be explained by natural variability alone, suggesting a strong 54 

influence of anthropogenic forcing in the Australasian region. 55 

Keywords: temperature, Australasia, palaeoclimate reconstruction, last millennium, climate 56 

forcing, climate variability, climate change. 57 

58 
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1. Introduction 58 

Palaeoclimate records are fundamental in evaluating the long term context of recent regional and 59 

global climate variability. Extending our baseline of pre-industrial climate variations from climate 60 

proxies allows natural or internal variations to be isolated from anthropogenically forced changes 61 

using detection and attribution studies (Hegerl et al., 2011). Uncertainties in future climate change 62 

projections depend not only on future emissions of greenhouse gases, but also on the ability of 63 

climate models to skilfully simulate past climate variability. Reconstructions of regional-scale 64 

temperature provide an extended basis for evaluating the accuracy of climate models in simulating 65 

past regional climate variability and an opportunity to reduce uncertainties associated with future 66 

climate variability and change (Hegerl et al., 2006; Hegerl et al., 2011).  67 

In this study we consider the land and ocean region of Australasia, an area of Oceania 68 

comprising Australia, New Zealand and neighbouring islands in the Indian, Southern and Pacific 69 

Oceans bounded by 110
o
E–180

o
E and 0

o
S–50

o
S. Multi-decadal warming has been observed across 70 

much of Australasia as far back as the beginning of the 20th century. Since 1910 (the period of 71 

extensive high-quality observational records), Australia, the largest continental mass in Australasia, 72 

has experienced an annual mean land surface temperature increase of 0.9°C with approximately 73 

0.7ºC of the warming observed since 1960 (Della-Marta et al., 2004; Keenan and Cleugh, 2011). 74 

2001–2010 was the warmest decade recorded in both Australian land and sea surface temperature 75 

(SST) observations (Keenan and Cleugh, 2011). Increases in mean minimum and maximum 76 

temperatures have also been observed from stations on the north and south islands of New Zealand 77 

over the period 1961–2005 (Chambers and Griffiths, 2008). Recent work has found that the late 78 

20th century and early 21
st
 century (1980–2009) warming of Australian waters was 0.57ºC higher 79 

than the early 20th century SSTs (1910–1939), with greatest increases reported off the south-eastern 80 

and south-western Australian coasts (Lough and Hobday, 2011). 81 

Given the large warming trend observed in Australasian temperature records since the late 20th 82 

century, it is important to understand how regional climate in the region has fluctuated in pre-83 
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industrial times – centuries before meteorological observations become available – and test how 84 

these palaeoclimate estimates can be used to evaluate climate model projections in this region. 85 

Current model projections suggest that Australian temperatures may rise between 0.7ºC–1.2ºC 86 

above 1990 levels by 2030, with a best estimate of 1ºC (CSIRO, 2007). Increases of 1–5ºC by 2070 87 

are projected over various regions of Australia dependent on global greenhouse gas mitigation 88 

policies, with a best estimate of 1.8–3.4ºC (CSIRO, 2007). Robust, well-verified palaeoclimate 89 

reconstructions can help evaluate global climate models relied upon by natural resource managers 90 

to plan for future climate change in the Australasian region by providing better estimates of decadal 91 

scale climate variations.  92 

Reconstructions of past climate variability from Australasia are not only regionally important but 93 

contain core dynamical regions of several major atmospheric and oceanic circulation features that 94 

have a hemispheric or near-global influence e.g. El Niño–Southern Oscillation (ENSO), Inter-95 

decadal Pacific Oscillation (IPO), Southern Annular Mode (SAM), Australian Monsoon, Indian 96 

Ocean Dipole, and the mid-latitude westerlies. Reconstructing past variations in the Australasian 97 

region therefore allows us to estimate the variability in these major climate modes associated with 98 

both natural and anthropogenic forcings. Ultimately this will allow us to better predict the evolution 99 

of these circulation features and their regional climatic impacts. 100 

Northern Hemisphere multi-proxy temperature reconstructions show that recent warmth appears 101 

anomalous for at least the past 1,300 years (Jansen et al., 2007; Mann et al., 2008). The multi-proxy 102 

temperature reconstructions that are currently available for Southern Hemisphere (Jones et al., 103 

1998; Huang et al., 2000; Mann and Jones, 2003; Mann et al., 2008) are considerably more 104 

uncertain due to the limited availability of long proxy records and hitherto lack of consolidation of 105 

available records from the region (Neukom and Gergis, 2011). Huang et al.’s (2000) centennially-106 

resolved borehole estimates from Australia, South America and Africa indicate that the magnitude 107 

of land surface warming over the past 500 years is estimated to be less in the Southern Hemisphere 108 

locations (0.8
o
C) than the Northern Hemisphere (1.1

o
C).  109 
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Despite advances in estimating hemispheric and global mean temperature trends over the last 110 

2,000 years (Wahl et al., 2010), there are still considerable uncertainties in understanding regional 111 

responses to large-scale temperature changes from global radiative forcing (D'Arrigo et al., 2009; 112 

Mann et al., 2009). Little is known about the magnitude and timing of temperature fluctuations in 113 

Southern Hemisphere regions during the so-called ‘Medieval Climate Anomaly’ (MCA) warm 114 

(A.D. 900–1250) or ‘Little Ice Age’ (LIA) cool (A.D.1400–1700) intervals described from 115 

Northern Hemisphere climate reconstructions (Hughes and Diaz, 1994; D'Arrigo et al., 2009; Mann 116 

et al., 2009; Diaz et al., 2011; Graham et al., 2011).  117 

The IPCC AR4 section on climate of the last 2,000 years in the Australasian region (Jansen et 118 

al., 2007) focused on two annually-resolved tree ring-based land temperature reconstructions from 119 

Australia and New Zealand, and a composite of 57 centennially-resolved borehole sites throughout 120 

Australia (Cook et al., 2000; Cook et al., 2002a; Pollack et al., 2006). Silver Pine tree ring widths 121 

from New Zealand suggest that 20th century warm season temperatures have been unusual, but not 122 

unprecedented in the context of the past millennium in this sub region of Australasia (D'Arrigo et 123 

al., 1998; Cook et al., 2002a; Cook et al., 2002b; Cook et al., 2006). For instance, two periods of 124 

above average warmth are recorded in the western South Island Silver Pine record in the medieval 125 

period around A.D.1137–1177 and 1210–1260. This represents temperatures 0.3–0.5
o
C higher than 126 

the 1894–1998 average calibrated from the single station record of Hokitika (Cook et al., 2002b), 127 

but is within the 0.4–0.7°C range of abrupt instrumental warming observed in the 128 

anthropogenically-influenced period in the west coast of the South Island of New Zealand since 129 

1950 (Hennessy et al., 2007). 130 

In contrast, the Huon Pine tree ring reconstructed temperature record from western Tasmania in 131 

Australia shows more pronounced regional warming associated with warming of Indian and 132 

Southern Ocean sea surface temperatures from around 1965 until the end of the record in 2001 133 

(Cook et al., 2000; Cook et al., 2006). Over the past 2,000 years the temperature reconstruction 134 

suggests that late 20th century temperatures were only exceeded by ~0.28
o
C for three short periods, 135 
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around 455 BC, 380 BC and AD 10 (Cook et al., 2006). They conclude that late 20th century 136 

warming is unprecedented over the past 2,000 years in Tasmania and highly anomalous when 137 

viewed in the context of the past 3,602 years (Cook et al., 2006). 138 

The unusual nature of recent warmth is also suggested by a composite borehole temperature 139 

reconstruction for Australia which shows a temperature increase of approximately 0.5
o
C over the 140 

past 500 years, with 80% of the warming occurring during the 19th and 20th centuries (Pollack et 141 

al., 2006). The record indicates that the 17th century was the coolest interval of the five-century 142 

reconstruction. Because most of the Australian boreholes were logged prior to 1976, the observed 143 

subsurface temperatures do not include the pronounced warming recorded over the last two decades 144 

of the 20th century, but currently provide the only baseline of pre-industrial temperature conditions 145 

experienced over the large-scale continental region of Australia (Pollack et al., 2006; Jansen et al., 146 

2007). 147 

In recent years, attention has expanded to quantifying regional temperature variations in 148 

palaeoclimate reconstructions in response to the radiative forcing associated with natural solar and 149 

volcanic variations, and increases in anthropogenic greenhouse gases concentrations (Mann et al., 150 

2005; Hegerl et al., 2007b). In particular, there has been a focus on improving climate 151 

reconstructions of the last 2000 years as it is a period that contains marked temperature variations in 152 

many parts of the globe like the MCA, LIA and late 20th century warming (Jones and Mann, 2004; 153 

Jones et al., 2009), and is the period when the majority of the Earth’s precisely dated, high-154 

resolution palaeoclimate records are available for direct calibration with instrumental records. 155 

In response to the lack of continental-scale climate reconstructions in the IPCC AR4, in 2009 the 156 

International Geosphere–Biosphere Programme’s (IGBP) Past Global Changes (PAGES) initiative 157 

developed the Regional 2k Network, a set of working groups to collect and process the best 158 

available proxy data to develop climate reconstructions in eight regions of the world 159 

(http://www.pages-igbp.org/workinggroups/2k-network; Newman et al., 2009). The Australasia 160 

(Aus2k) working group is examining the Indo–Pacific region consisting of the landmasses of 161 
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Australia, New Zealand, the Indonesian archipelago and the neighbouring islands of the Pacific 162 

Ocean.  163 

This paper is the Aus2k working group’s regional consolidation of temperature proxies to 164 

provide a ‘best estimate’ of Australasian temperature variations over the past 1000 years. We 165 

present the development of the region’s first multi-proxy combined land and ocean mean 166 

temperature reconstruction for the austral spring–summer (SONDJF) warm season. We assess 167 

multi-decadal temperature variations present in the reconstruction, and then identify extreme cool 168 

and warm periods to assess the long-term context of the anomalous late 20th century warming seen 169 

in observational records. Finally, we compare our results with 1000-year forced and unforced 170 

CSIRO MK3L climate model simulations. This provides a preliminary investigation of the 171 

importance of natural forcing, anthropogenic forcing and internal climate variability for 172 

Australasian temperature fluctuations over the past millennium and demonstrates the value of such 173 

reconstructions for detection and attribution studies.  174 

2. Data and methods 175 

2.1. Instrumental calibration data 176 

In this study, Australasia is defined as the land and ocean areas of the Indo–Pacific and Southern 177 

Oceans bounded by 110
o
E–180

o
E, 0

o
–50

o
S. Our instrumental target was calculated as the 178 

September–February (SONDJF) spatial mean of the HadCRUT3v 5
o
 x 5

o
 monthly combined land 179 

and ocean temperature grid (Brohan et al., 2006; Rayner et al., 2006) for the Australasian domain 180 

over the 1900–2009 period. The SONDJF seasonal window correlates highly with the MAMJJA 181 

season (r=0.87) and the annual mean (r=0.93) on inter-annual timescales over the 1900–2010 182 

period. Since the HadCRUT3v grid contains significant amounts of missing data in the pre-1900 183 

period across the region, the 1850–1899 section was excluded from our analysis (Jones et al., 1999; 184 

Brohan et al., 2006).  185 

To assess the large-scale coherence of land and ocean temperatures over the broad Australasian 186 

region, we performed a correlation analysis to identify all HadCRUT3v grid cells displaying a 187 
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significant positive correlation with the predictand over the 1900–1990 period (Figure S1). This 188 

analysis revealed a high degree of spatial coherence of warm season temperatures over the 189 

Australasian region with the exception of areas in Western Australia containing missing values, 190 

parts of south east Asia influenced by local monsoon variability, the data sparse region of the 191 

Southern Ocean, and the mountainous area of eastern Australia. Overall, 73% of grid cells (100 out 192 

of 137) were significantly positively correlated (p<0.05) with the Australasian spatial mean (Figure 193 

S1). This result is not surprising as the flat, arid continent of Australia and its surrounding ocean 194 

dominates the majority of Australasian, confirming that reconstructing a spatial mean of coherent 195 

temperature over the region is an acceptable approach for the region.  196 

2.2. Temperature predictor network 197 

Our temperature proxy network was drawn from a broader Australasian domain (90
o
E–140

o
W, 198 

10
o
N–80

o
S) containing 62 monthly–annually resolved climate proxies from approximately 50 sites 199 

(see details provided in  Neukom and Gergis, 2011). This proxy network showed optimal response 200 

to Australasian temperatures over the SONDJF period, and contains the austral tree ring growing 201 

season during the spring–summer months. All tree ring chronologies were developed based on raw 202 

measurements using the signal-free detrending method (Melvin et al., 2007; Melvin and Briffa, 203 

2008). All years where less than five tree ring series were available or Expressed Population Signal 204 

(EPS; Briffa and Jones, 1990) values were below 0.85 were excluded from the analysis.  205 

The only exceptions to this signal-free tree ring detrending method was the New Zealand Silver 206 

Pine tree ring composite (Oroko Swamp and Ahaura), which contains logging disturbance after 207 

1957 (D'Arrigo et al., 1998; Cook et al., 2002a; Cook et al., 2006) and the Mount Read Huon Pine 208 

chronology from Tasmania which is a complex assemblage of material derived from living trees 209 

and sub-fossil material. For consistency with published results, we use the final temperature 210 

reconstructions provided by the original authors that includes disturbance-corrected data for the 211 

Silver Pine record and Regional Curve Standardisation for the complex age structure of the wood 212 
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used to develop the Mount Read temperature reconstruction (E. Cook, personal communication, 213 

Cook et al., 2006). 214 

Although the Mount Read record from Tasmania extends as long as 3602 years, in this study we 215 

only examine data spanning the last 1000 years which contains the better replicated sections of the 216 

Silver Pine chronology from New Zealand (Cook et al., 2002b; Cook et al., 2006) and is the key 217 

period for which model simulations have been run for comparison with palaeoclimate 218 

reconstructions (e.g. Schmidt et al., 2012). 219 

All coral records with monthly, bimonthly or seasonal resolution were averaged over the 220 

SONDJF period to align with the warm season reconstruction window. For predictor selection, both 221 

proxy climate and instrumental data were linearly detrended over the 1921–1990 period to avoid 222 

inflating the correlation coefficient due to the presence of the global warming signal present in the 223 

observed temperature record. Only records that were significantly (p<0.05) correlated with the 224 

detrended instrumental target over the 1921–1990 period were selected for analysis. This process 225 

identified 27 temperature-sensitive predictors for the SONDJF warm season (Figure 1 and Table 1) 226 

henceforth referred to as R27. Missing values in the predictor matrix during the calibration period 227 

(0.4%) were infilled using principal component regression (Scherrer and Appenzeller, 2006; 228 

Neukom et al., 2011). 229 

2.3. Ensemble reconstruction method and verification 230 

We performed an ensemble ordinary least squares regression Principal Component 231 

Reconstruction (PCR) analysis (Neukom et al., 2010; Gallant and Gergis, 2011; Gergis et al., 2012) 232 

using the 1921–1990 period for calibration and verification. Further description of the PCR method 233 

is provided by Luterbacher et al. (2002), and details of the extension of the ensemble approach are 234 

described below. To assess reconstruction uncertainty associated with proxy selection and 235 

calibration, a 3000-member ensemble of reconstructions was calculated creating varying 236 

reconstruction setting for each realisation by randomly: 237 
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• Removing five predictors from the full predictor matrix. In the early part of the 238 

reconstruction (1000–1456) where five or fewer proxies are available, the number of 239 

predictors used for each ensemble member varies between one and five. The effect of 240 

varying the number of proxies to be removed is illustrated in Figures S2.4 and S2.5. 241 

• Varying the percentage of total variance of the predictor matrix explained by the retained 242 

PCs between 60% and 90% by varying the number of PCs used.  243 

• Selecting a calibration period of 35–50 (non successive) years between 1921–1990 and 244 

using the remaining 20–35 years for verification. 245 

• Scaling the weight of each proxy record in the PC analysis with a factor of 0.67 to 1.5. The 246 

effect of varying the weighting factor is illustrated in Figures S2.6 and S2.7. 247 

To avoid variance biases due to the decreasing number of predictors back in time, the 248 

reconstructions of each model were scaled to the variance of the instrumental target over the 1921–249 

1990 period. The mean of the 3,000-member ensemble was considered our ‘best estimate’ 250 

temperature reconstruction. To assess low frequency changes in Australasian temperatures, the 251 

ensemble mean was smoothed using a 30-year loess filter (Figure 3), which effectively removes 252 

variations with periods shorter than 15 years. To assess the influence of the loss of climate proxies 253 

back in time we also compare results from the R27 (all proxies), R21 (pre-1801 proxies), R14 (pre-254 

1701 proxies) and R4 (pre-1458 proxies) networks (see supplementary section S2). 255 

The ensemble PCR method allows us to quantify not only the traditional regression residual-256 

based uncertainties referred to as ‘calibration error’ (e.g. Cook and Kairiukstis, 1990), but also the 257 

spread of the ensemble members generated from the random selection of the reconstruction 258 

parameters, described as the ‘ensemble error’. The reconstruction confidence interval was defined 259 

as the combined calibration and ensemble standard error (SE), calculated as  260 

with !res denoting the standard deviation of the regression residuals and !ens the standard deviation 261 

of the ensemble members. Uncertainties of the filtered curves were calculated the same way using 262 

the residuals of the filtered data and standard deviation between the filtered ensemble members. 263 
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In addition to the 3,000 verification tests incorporated into the 1921–1990 overlap period 264 

calculations, the ensemble mean was also further independently verified using withheld, early 265 

1901–1920 data (‘early verification’). Reconstruction ‘reliability’ was assessed using a set of eight 266 

skill and robustness metrics for each year back in time (Table S6). Skill measures included the 267 

calculation of mean Reduction of Error (RE), Root Mean Square Error (RMSE) and comparison 268 

with reconstructions developed using random noise proxies. ‘Skilful’ years were identified when 269 

the ensemble median RE (RMSE of the ensemble mean) was larger (smaller) than the 270 

corresponding values of a reconstruction using AR1 noise predictors. If our predictor network 271 

performed better than pure noise proxies, we assumed that our reconstruction is not simply a result 272 

of ‘overfitting’ noise in the calibration period (McShane and Wyner, 2011). Reconstruction 273 

‘robustness’ was assessed on inter-annual and decadal timescales by investigating changes in the 274 

ensemble mean in response to changes in the predictor network or reconstruction ensemble 275 

parameters. Years where the 30-year filtered ensemble mean and the running inter-annual variance 276 

of the reconstruction did not change significantly with changes in the proxy network or ensemble, 277 

were considered robust.  278 

We assessed three different kinds of changes in the proxy network or ensemble: (i) using all 279 

ensemble members vs. using only the ensemble members where a given proxy was excluded from 280 

the predictor set (and repeating this for all proxies); (ii) using all proxies vs. using only the proxies 281 

that are available at a given year (and repeating this for all years with different proxy availability); 282 

and (iii) using all ensemble members vs. using only the ensemble members with positive RE in 283 

each year. Applying these three tests on inter-annual as well as decadal timescales yields six 284 

robustness criteria. 285 

Next, we undertook instrumental verification analyses to test whether we could reasonably 286 

reconstruct mean temperature from the whole Australasian field using instrumental data only from 287 

grid cells within the R27 proxy network. This was done by applying the above reconstruction 288 

method to instrumental data taken from the HadCRUT3v grid at locations closest to the 27 proxy 289 
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locations over the 1921 to 2000 period. Large amounts of missing data in the HadCRUT3v grid in 290 

the early 20th century meant that only grids with less than 33.3% of data missing were used. For 291 

further validation, the same analysis was also run using instrumental temperatures from the closest 292 

Global Historical Climatology Network (GHCN) stations (Peterson and Vose, 1997) for land 293 

temperature proxies and the HadISST data (Rayner et al., 2003) for ocean temperature proxies. 294 

Note that considerable amounts of missing data from a number of stations in our domain restricted 295 

the GHCN analysis to the 1953–1992 period.  296 

As a final ‘pseudo instrumental’ verification exercise, ten different variants of the HadCRUT3v 297 

grid points were ‘degraded’ by including white noise so that the relationship (as measured by the 298 

Pearson correlation) between the degraded grid cell and the original grid cell was the same as that 299 

between the original grid cell and the proxy record. Since each proxy displays a different 300 

correlation coefficient with its corresponding observation, the amount of white noise added was 301 

correspondingly different at each location. 302 

2.4. Climate model simulations 303 

To assess the role of climate forcing on our ‘best estimate’ warm season Australasian 304 

temperature reconstruction over the past millennium, we compared our temperature reconstruction 305 

results to a three-member ensemble of the CSIRO Mk3L climate system model version 1.2, a fully 306 

coupled global atmosphere–ocean general circulation model (Phipps et al., 2011; Phipps et al., 307 

2012). The model incorporates a 5.6 x 3.2 degree atmosphere with 18 vertical levels, a 2.8 x 1.6 308 

degree ocean with 21 vertical levels, dynamic-thermodynamic sea ice and static vegetation and soil 309 

types (Phipps et al., 2011). Three transient simulations are considered here which incorporate the 310 

effects of changes in orbital forcing, greenhouse gases (MacFarling–Meure et al., 2006), solar 311 

irradiance (Steinhilber et al., 2009) and volcanic aerosols (Gao et al., 2008) over the last 312 

millennium (Phipps et al., 2012). We also considered CSIRO Mk 3L 1000-year sections of a 313 

10,000-year control run simulation to assess the relative roles of forced and unforced climate 314 

variations in driving changes in Australasian temperature changes over the past 1000 years.  315 
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Although there are a number of model simulations that are currently available, in this study we 316 

require the following two criterion be satisfied: i) availability of millennial length control 317 

simulations to adequately characterise internal or unforced climate variability and ii) a multi-318 

member ensemble of 1000-year simulations forced with solar, volcanic and anthropogenic 319 

greenhouse gases to distinguish between unforced and forced climate variability. Currently there are 320 

very few Coupled Model Intercomparison Project (CMIP5) and Palaeoclimate Model Inter-321 

comparison Project (PMIP3) climate models that have ensembles of simulations for the last 322 

millennium or extend past 1850 with a full suite of forcings. As such, we restrict our preliminary 323 

comparison of variations in 3000-member Australasian temperature reconstruction ensemble to the 324 

CSIRO Mk 3L model that has an ensemble of three simulations with the same forcings over the full 325 

period of our temperature reconstruction ensemble (A.D 1000–2001). This allows us to better 326 

estimate decadal variability due to internal noise from forced responses seen in the ensemble mean 327 

of the model simulations. For a more extensive comparison of the Australasian temperature 328 

reconstruction with climate model simulations, the reader is referred to Phipps et al. (2012). 329 

3. Results and discussion 330 

3.1. Reconstruction calibration, verification and quality assessment 331 

The R27 network clearly captures observed inter-annual temperature variations in the 332 

HadCRUT3v Australasian spatial mean (Figure 2, see also section S7). The full R27 network 333 

ensemble mean was significantly correlated (r= 0.83) with the instrumental target over the 1921–334 

1990 period; explaining 69% of inter-annual variance in the calibration/verification interval. The 335 

reconstruction and instrumental series were then linearly detrended to remove biases associated 336 

with the 20th century warming trend. This returned a correlation coefficient of r= 0.67 over the 337 

1921–1990 period (46% of explained inter-annual variance), indicating considerable skill in 338 

reproducing inter-annual temperature variations, and the marked influence of global warming in 339 

Australasia over recent decades.  340 
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The advantage of using an ensemble PCR reconstruction method is shown in Figure 3. Since the 341 

reconstruction parameters are varied for each ensemble member, more extensive estimates of 342 

reconstruction uncertainty are possible than results based on a single early/late 343 

calibration/verification techniques used routinely in palaeoclimatology (for further discussion see 344 

Gallant and Gergis, 2011; Gergis et al., 2012). The ensemble mean is considered our ‘best estimate’ 345 

reconstruction (Figure 4) and the solid line indicates years when each of the eight reliability metrics 346 

were satisfied, providing a stringent measure of the most ‘robust’ sections of the reconstruction.  347 

Since the motivation for using the ensemble approach is to perturb the reconstruction parameters 348 

to generate extreme uncertainty cases, the ensemble mean reconstruction (Figure 4) is likely to be 349 

conservative in comparison with previous reconstructions that tend to provide more limited 350 

uncertainty estimation based on single period calibration/verification techniques. As such the thin 351 

line represents periods of reduced reliability, but in fact yields a minimum of five out of eight 352 

fulfilled reliability criteria. As seen in the lower panel of Figure 3 and Table S2.1, the entire 353 

reconstruction back to AD 1000 has consistently positive median verification RE and early 354 

verification RE values, so would traditionally be considered a statistically ‘skilful’ reconstruction 355 

(Cook and Kairiukstis, 1990). We conclude that the reconstruction prior to 1430 is skilful but less 356 

certain than the sections denoted by the solid line covering periods when more records are 357 

available.  358 

The differences between the full R27 proxy network and R21, R14 and R4 subsets are provided 359 

in section S2. Note that in the first half of the millennium, uncertainty estimates in the ensemble 360 

spread decline when the number of proxies drops below around five records (leaving fewer proxies 361 

to include and exclude from the reconstruction), reducing the variability between the ensemble 362 

members. This may explain, for example, the comparable uncertainty bands seen around 363 

A.D.1100/1500, suggesting more coherence/discrepancies in the reconstruction made up of 364 

fewer/more records during these times. 365 
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The instrumental verification analyses confirmed that is it possible to reconstruct the September–366 

February (SONDJF) spatial mean of the HadCRUT3v Australasian combined land and ocean 367 

temperatures using instrumental data derived from observational data closest to the 27 368 

palaeoclimate records listed in Table 1. The correlation of the SONDJF temperature reconstruction 369 

based on these 27 HadCRUT3v grid cells and the full HadCRUT3v predictand was highly 370 

significant (r=0.88) over the calibration interval (Figure S3.1), and remained strong even after linear 371 

detrending (r=0.75). A mean verification RE of 0.58 was obtained over the 1921–2000 period. 372 

Given the data quality issues noted above, it is unsurprising that the reconstruction results are 373 

somewhat weaker using the 27 nearest GHCN stations (r=0.73) over the 1953–1992 period (r=0.67 374 

detrended). Once again, a positive mean verification RE of 0.09 was found over the full 375 

reconstruction interval (with a positive bias observed in the full histogram of REs provided in 376 

Figure S3.2), suggesting that a skilful reconstruction of the HadCRUT3v Australasian SONDJF 377 

spatial mean is indeed possible using the R27 network.  378 

A final test of the ability of the reconstruction method to extract a real climate ‘signal’ from 379 

noisy proxy data was performed using ten white noise degraded HadCRUT3v instrumental data sets 380 

(previously described as ‘pseudo instrumental’ proxies in Section 2.3). An ensemble of 381 

reconstructions was generated from each set of pseudo instrumental proxies and the resulting mean 382 

reconstruction (Figure S3.3) indicates that skilful reconstructions are possible using these noise 383 

degraded data sets. The correlations between the mean reconstructions from the ten sets of pseudo 384 

instrumental proxies and the instrumental predictand were statistically significant, ranging from 385 

0.55 to 0.75. The degraded instrumental verification RE values vary and range between -0.26 and 386 

0.09 (Figure S3.3). The results provide evidence that our method can successfully extract an 387 

underlying common temperature signal even when it is compounded by extraneous noise. 388 

3.2. Australasian SONDJF temperature variations AD 1000–2001 389 

Having verified the skill of the inter-annual Australasian SONDJF temperature reconstruction, 390 

we now examine the full R27 3000-member ensemble to identify decadal scale temperature 391 
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variations over the past millennium. The results presented here concentrate on periods with large 392 

anomalies. Any comparisons between the magnitudes of these anomalies must be internally 393 

consistent for each reconstruction to preserve their internal and systematic variability. So, the 394 

variations in member-n are compared only to member-n and these differences are then compared 395 

across the entire ensemble. While systematic errors may influence the reconstructed temperature 396 

variations within a single member these errors cancel across the ensemble, evidenced by the normal 397 

distribution of errors surrounding the mean reconstruction (not shown).  398 

Note that while this discussion focuses on the full R27 network, results for different proxy 399 

networks are also presented in Tables 2 and Figures S2.1–S2.3 for comparison. A prominent feature 400 

of the reconstruction is the warming beginning around 1900, with the most rapid increase from 401 

1950 (Figure 4). For the R27 ensemble mean, the hottest decade, 30-year and 50-year period occur 402 

after 1950. This holds true for 86.2%, 98.3% and 94.5% of individual ensemble members, 403 

respectively (see Table S3.1 and Figure S3.4). For the mean reconstruction, the three warmest non-404 

overlapping decades occur consecutively from 1970–1979, 1980–1989 and 1990–1999. It is worth 405 

noting that the 2000–2009 decade not covered by the palaeoclimate reconstruction is the warmest 406 

recorded in the observational temperature data. Outside of the late 20th century, the next warmest 407 

decades in our temperature reconstruction occur during the 1240s and 1330s (Table 2).  408 

There is a warm peak in the mean reconstruction during the 1330s, followed by a cooling trend 409 

culminating in the cold interval centred on the 1520s (Figure 4). A relative recovery from cool 410 

conditions occurs by the 1580s, before cooling again from 1650–1680. Following brief warm 411 

periods centred on 1710 and 1800, a rapid decline in temperature occurs from 1810 until 1860 – the 412 

coldest interval in the 1002-year reconstruction. Temperature anomalies during the temperature 413 

minimum in 1830–1859 were 0.44
o
C (±0.18°C) below the 1961–1990 average. Warming starts 414 

from the 1860s onward, when a pronounced temperature increase coincides with a rapid rise in 415 

anthropogenic greenhouse gas concentrations (see Figure S4.2). The increase in temperature is 416 
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interrupted by cool intervals ~1900–1910 and again around 1930, before monotonic warming on 417 

decadal and longer timescales continues from 1950 to present.  418 

The R27 ensemble mean shows no other warm periods in the past millennium that match or 419 

exceed the post-1950 warming observed in the Australasian region. Periods of monotonic warming 420 

were determined for individual ensemble members. The longest period of warming across 421 

consecutive decades was calculated for each reconstruction. For 92.4% of members, this occurred 422 

during the 20th century and for these members almost always included the period from 1950–1999. 423 

This conclusion is robust against the proxy network chosen suggesting that highly anomalous late 424 

20th century warming in the region is a robust feature of the reconstruction (Table 2).  425 

3.3. Comparison with solar forcing 426 

The five key solar grand minima based on solar observations over the past millennium are the 427 

Oort (1040–1080), Wolf (1280–1350), Spörer (1460–1550), Maunder (1645–1715), and Dalton 428 

(1790–1820) low solar periods (Steinhilber and Beer, 2011) (Figure 5). All of these episodes 429 

correspond to notable declines in reconstructed temperatures around the 1060s, 1280s, 1320s, 430 

1520s, 1650s, 1680s and 1810s. The Wolf and Spörer intervals, however, also contain periods of 431 

relative warmth so do not appear to be exclusively associated with persistent cool temperatures.  432 

Aside from the 1830s (a period coincident with marked internal variations described below), 433 

many of the coolest intervals recorded in our reconstruction coincide with solar minima. Average 434 

30-year filtered temperature anomalies during the solar minima are significantly lower than outside 435 

the solar minima in the pre-industrial period (A.D. 1000–1850) in 74% of the ensemble members 436 

(Figure S8.1). The magnitude of the temperature anomalies observed within and outside of solar 437 

minima, however, are relatively minor with an average of 0.03°C (±0.05°C) compared to the 30-438 

year filtered temperature standard deviation A.D. 1000–1850 (0.11±0.03°C). These results suggest 439 

the subdued role of solar forcing on regional temperature variations over the past millennium. 440 

The so-called ‘Little Ice Age’ (LIA) described from the Northern Hemisphere is thought to 441 

extend from approximately A.D. 1400–1700, but possibly ending as late as 1850 (Mann et al., 442 
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2009; Graham et al., 2011). From the reconstruction presented here, the LIA appears to have a 443 

signature in Australasian temperatures from ~A.D. 1500–1840. The coolest 30-year average 444 

temperature anomaly reconstructed between 1830–1859 was 0.44
o
C (±0.18) below the 1961–1990 445 

average.  446 

Between the Oort and Wolf minima, a period of high solar activity from A.D. 1090–1270, 447 

coincides with the ‘Medieval Climate Anomaly’ (MCA), a prolonged warm period identified in 448 

many regions of the Northern Hemisphere spanning A.D. 900–1250 (Lamb, 1965; Hughes and 449 

Diaz, 1994; Mann et al., 2009; Diaz et al., 2011; Graham et al., 2011). In our Australasian 450 

temperature reconstruction, peak medieval warmth is observed around A.D. 1240–1360 (Figure 5). 451 

This is somewhat later than described from Northern Hemisphere regions and overlaps with part of 452 

the Wolf solar minimum. The average temperature anomaly in the Australian region calculated over 453 

the warmest pre-industrial 30-year average A.D. 1238–1267 period is 0.09
o
C (±0.19°C) below the 454 

1961–1990 climatology. 455 

In general, although many cool events in our reconstruction overlap with solar minima and vice 456 

versa, there are also periods where solar forcing does not match Australasian temperature 457 

fluctuations, indicating that no consistent decadal-scale response to solar variability in the region 458 

during the last millennium. This is reflected in the low correlations of our reconstruction with solar 459 

forcing (Steinhilber et al., 2009): 200-year running correlations are significant for more than 50% 460 

(25%) of the ensemble members during only 6% (12%) of our reconstruction period (Figure S8.2). 461 

3.4. Comparison with volcanic forcing 462 

The last 1000 years contain a number of volcanic eruptions that correspond to declines in 463 

reconstructed Australasian warm season temperatures (Figure 5). During the LIA, several strong 464 

volcanic eruptions occurred during solar grand minima, enhancing (regional) cooling. The best 465 

examples of this are found in the early 19th century, a period of enhanced tropical volcanism, which 466 

includes the Tambora eruption of 1815 and the Dalton solar minimum (Robertson et al., 2001; Gao 467 

et al., 2008; D'Arrigo et al., 2009). Although some the largest volcanic eruptions of the last 468 
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millennium are associated with slightly lagged cold peaks of decadal-scale temperatures (e.g. the 469 

13th-century, 1452 and early 19th century eruptions), there is no significant immediate response to 470 

volcanic events identifiable at inter-annual timescales (Figures S8.3–S8.6). From the results 471 

presented here, the volcanic signal seems to be weaker in Australasia compared with regional 472 

reconstructions from the Northern Hemisphere (Hegerl et al., 2011). 473 

Intriguingly, arguably the largest volcanic event of the past millennium, the A.D. 1258 unknown 474 

tropical eruption, does not have a pronounced effect on our reconstructed Australasian temperature 475 

reconstruction. Discrepancies between volcanic forcing and reconstructed temperatures are also 476 

likely to reflect the fact that internal atmosphere–ocean circulation is the dominant source of 477 

variability on continental/regional scales, rather than external forcing which has been demonstrated 478 

to be more important on hemispheric/global scales (Goosse et al., 2005).  479 

3.5. Climate model comparison 480 

From the start of industrialisation around 1850, the influence of solar and volcanic forcing on 481 

global climate begins to be overwhelmed by the rapid increase in anthropogenic greenhouse gas 482 

concentrations (Hegerl et al., 2007a; Hegerl et al., 2007b; Jansen et al., 2007). Figure 6 shows 483 

reconstructed Australasian SONDJF temperatures and the ensemble mean of three transient CSIRO 484 

Mk3L model simulations relative to the 1961–1990 reference period to match the reconstruction. 485 

While the reconstruction and model simulations align well during the post 1850 industrial era, and 486 

reasonably well during some periods of volcanic eruptions, the model is generally too cool during 487 

the pre-industrial era. This cool bias suggests that the sensitivity of the model to anthropogenic 488 

greenhouse gases is a little too high relative to the reconstruction. Alternatively, this may reflect the 489 

fact that the model simulations omit the effects of several anthropogenic forcings, particularly 490 

changes in tropospheric aerosols, stratospheric ozone, vegetation and land use over the 1961–1990 491 

base period. This may cause temperature anomalies to be too warm in recent decades (due to the 492 

absence of anthropogenic aerosol emissions, especially sulphates, that moderate the rate of warming 493 

due to anthropogenic greenhouse gases) and subsequently overestimate temperature anomalies in 494 
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past centuries. A possible loss of low frequency variance in the reconstruction (e.g. Esper et al., 495 

2005) may also explain parts of the lower amplitude in the reconstruction compared to the climate 496 

model simulations.  497 

Using a three-member model ensemble allows us to better estimate decadal variability due to 498 

internal noise from forced responses seen in the ensemble mean of the model simulations. While the 499 

correlation between the 30-year filtered temperature reconstruction and model ensemble mean over 500 

the full A.D. 1000–2000 period is significant (r=0.33, p<0.05), the discrepancies noted above are 501 

clear, particularly in the pre-1300 section of the reconstruction (Table 3). Given that the amplitude 502 

and timing of specific unforced variations cannot be reproduced in model simulations because of 503 

their stochastic nature, the reconstructed inter-decadal variations in the pre-industrial period match 504 

the model simulations quite well (see Table 3 and section S4). 505 

For example, Figure 6 shows that while some of the temperature declines in the reconstruction 506 

are coincident with major volcanic events over the past millennium (particularly Kuwae in 1452 507 

and Tambora in 1815), they do not coincide with all the temperature declines associated with 508 

volcanic forcing in the model. Reasons for this may be because the volcanic forcing dataset is 509 

exaggerating the magnitude of these eruptions (Robock, 2000) or the loss of variance associated 510 

with palaeoclimate reconstructions (Esper et al., 2005).  511 

When shown relative to a ‘pre-industrial baseline’ of A.D. 1500–1850 (Figure S4.1), there are 512 

only two pre-1900 periods in the mid-11th century and mid-13th century when the model ensemble 513 

mean exceeds the reconstruction’s uncertainty estimates. The latter is likely to be a direct result of 514 

the A.D. 1258 volcanic forcing. Despite widespread evidence of a major volcanic eruption and 515 

climatic impacts (Stothers, 2000; Oppenheimer, 2003), Figure 6 shows that this event does not 516 

appear to be significant in the Australasian region. Conversely, the mid-11th century modelled 517 

temperature anomaly may reflect inadequacies in regional volcanic and solar forcing data. This 518 

period coincides with the Oort solar minimum but the timing and amplitude of solar variations are 519 

substantially more uncertain during the first half of the millennium (Hegerl et al., 2007a). Once 520 
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again, these issues may reflect the fact that internal atmosphere–ocean forcing is the dominant 521 

source of variability on regional/continental scales (Goosse et al., 2005). 522 

The relative roles of forced and unforced climate variability and change were also examined 523 

using the climate model simulations (Phipps et al., 2012). Figure S4.2 shows the evolution of the 524 

Australasian mean SONDJF temperature over the last millennium, according to both the three 525 

forced simulations and three representative 1000-year sections of the unforced control simulation. 526 

On decadal timescales, differences between the ensemble members reveal stochastic variability 527 

arising from internal dynamics of the coupled atmosphere–ocean system. However, a common 528 

signal across the model ensemble mean also reveals the forced response to the three largest volcanic 529 

eruptions of the last millennium (AD 1258, Kuwae and Tambora).  530 

On multi-decadal timescales, forced changes dominate over unforced internal variability in the 531 

model. However, in the reconstruction, the largest known volcanic eruption occurs during the 532 

warmest pre-industrial period (Table 2), while during the coldest period there is no anomalous solar 533 

forcing or large volcanic eruptions.  534 

Conversely, in recent decades, anthropogenic forcing has a clear signal in the model data and is 535 

consistent with Australasian temperatures on decadal timescales, suggesting it is a possible 536 

mechanism for recent increases in Australasian temperatures (e.g. Karoly and Braganza, 2005). To 537 

assess the probability of the late 20th century warming occurring by chance due to unforced natural 538 

climate variability, we examined a 10,000-year pre-industrial control simulation using the CSIRO 539 

Mk3L climate system model.  540 

Figure 7 shows the distribution of the changes in the mean Australasian SONDJF temperature 541 

between consecutive 50-year periods of this simulation. Over the full 10,000 years, the difference in 542 

temperature between consecutive 50-year periods never exceeds 0.10
o
C in magnitude. This 543 

contrasts with the reconstructed and measured (inter-annual) ensemble mean temperature change of 544 

0.32
o
C ±0.06

o
C between 1901–1950 and 1951–2000. Figures S4.2, S4.3 and Section S8 provide 545 

further evidence that the post 1950 warming cannot be explained by natural factors alone. Figure 546 
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8.2 shows that the rapid rise in greenhouse gas concentrations observed in the late 20th century is 547 

the dominant driver of temperature changes over recent decades. Thus, in the CSIRO Mk3L model, 548 

anthropogenic forcing is required to produce the post 1950 warming observed in the reconstruction. 549 

This suggests that the post 1950 warming did not arise as a result of unforced natural variability of 550 

the coupled atmosphere–ocean system (Figure S4.3). 551 

This result is consistent with detection and attribution studies that clearly attribute the post 1950 552 

temperature increase noted in instrumental global and Australian temperature records to increases 553 

atmospheric greenhouse gas concentrations (Karoly and Braganza, 2005; Hegerl et al., 2007a). The 554 

results presented here and in Phipps et al. (2012) demonstrate that anthropogenic factors are needed 555 

to explain the most anomalous warm period observed in the Australasian region over the past 1000 556 

years. For an extensive data–model comparison and regional attribution study for Australasia over 557 

the last 1000 years, the reader is referred to Phipps et al. 2012. 558 

4. Comparisons with independent palaeoclimate records 559 

4.1. Temperature flucatuations over the last millennium 560 

Peak pre-industrial warmth in Australasian temperature is observed around A.D. 1240–1360, 561 

somewhat later than warming described from Northern Hemisphere regions (Figure 4). From the 562 

ensemble mean ‘best estimate’ presented here, the average temperature anomaly in the Australian 563 

region for the 1238–1267 period is 0.09
o
C (±0.19°C) below 1961–1990 levels. This 30-year 564 

temperature anomaly is comparable with Northern Hemisphere results that suggest that maximum 565 

pre-industrial temperatures were probably between 0.1–0.2
o
C below the 1961–1990 mean and 566 

significantly below warm anomalies observed in instrumental records after 1980 (Jansen et al., 567 

2007). Reconstructed SSTs from a sedimentary record from the Makassar Strait (3
o
S, 119

o
E) 568 

provides independent support for large positive anomalies similar to, though not significantly 569 

warmer than modern values between ~A.D. 1000–1400 (Newton et al., 2006; Oppo et al., 2009).  570 

The shift from peak pre-industrial warmth into a pronounced cooling ~A.D. 1300–1400 is 571 

supported by palaeoclimate evidence and archaeological interpretations that indicate significant 572 
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societal impacts across the Pacific Basin at this time (Nunn, 2000; Nunn, 2007). The high-573 

resolution temperature reconstruction presented in Figure 4 suggests that a transition to cooler 574 

conditions in the Australasian region is likely to have occurred after ~A.D. 1330. This timing agrees 575 

with a shift in low frequency (centennial) circulation features in a reconstruction of mean synoptic 576 

flow patterns for New Zealand that implicates enhanced westerly flow between ~A.D. 1250–1360 . 577 

There is evidence that a more ‘zonal’ regime is associated with a shift from warm to cool climate 578 

conditions, with cooler conditions associated with intensified atmospheric blocking in the southwest 579 

Pacific during this period (Lorrey et al., 2008; Lorrey et al., 2011).  580 

The results presented in Section 3 indicate that from the early 1300s onward, there is a gradual 581 

cooling into a period that coincides with the timing of the Little Ice Age (LIA) interval, described 582 

from the Northern Hemisphere as occurring between A.D. 1400–1700 (Mann et al., 2009), or more 583 

generally from A.D. 1500 to as recently as the beginning of the industrial era around 1850 (Mann et 584 

al., 2009; Graham et al., 2011). Figure 4 suggests that similar cooling in the Australasian region 585 

may have occurred somewhat earlier than the LIA period traditionally defined from the Northern 586 

Hemisphere. Since our reconstruction may not be as spatially representative of the full Australasian 587 

region at this time, it may mostly reflect variations experienced in the extra-tropical region of our 588 

domain (see Table 1). Nonetheless section S2, which compares the earliest reconstruction nest with 589 

the full ensemble mean reconstruction, shows that aside from a loss of variance, the R4 network 590 

still adequately represents the broader Australasian region. Independent evidence for a coherent 591 

Southern Hemisphere cool period from as early 1300s is also seen from low resolution tropical 592 

Indonesian marine sediments (Oppo et al., 2009).  593 

Using a network of cave records and other hydroclimatic proxies, Lorrey et al. (2008) suggest 594 

the general dominance of circulation patterns in the New Zealand sector that are associated with 595 

cooler temperatures for the latter half of the last millennium until the late 19th century. An 596 

independent coral composite record from the Great Barrier Reef, Australia indicate that from A.D. 597 

1565 to 1700 SSTs off northeastern Australia were 0.2°–0.3°C cooler and more saline than 1860–598 
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1985 averages (Hendy et al., 2002). This cooling is in general agreement with a high-resolution 599 

sedimentary record from Indonesia that suggests between 1550–1850, SSTs were 0.5°–1°C colder 600 

than modern values (Oppo et al., 2009).  601 

The 1700–1850 period is recognised from Antarctica as being one of the most abrupt climate 602 

shifts of the last 1000 years (Goodwin et al., 2004; Mayewski et al., 2004; Mayewski et al., 2009). 603 

During this time, ice cores indicate an increase in sea ice extent and an intensification of the 604 

westerly winds in the mid-high latitudes of the Southern Hemisphere (Goodwin et al., 2004; 605 

Mayewski et al., 2004), characteristic of a positive Southern Annular Mode (SAM) phase. 606 

Comparable conditions to this early 19th century event are thought to have occurred during the 607 

A.D. 1886–1903 and 1920–1929 periods (Goodwin et al., 2004), also associated with cooling in our 608 

reconstruction. 609 

Finally, the idea of Australasia-wide cooling from the middle of the last millennium to the 19th 610 

century is further supported by evidence of glacier fluctuations from New Zealand’s Southern Alps 611 

(~43
o
S, 170

o
E). The timing of major ice advances centred on 1605±70, 1735±50, 1785±10 612 

and1845±40 (Schaefer et al., 2009) suggests that pronounced cooling also influenced the Southern 613 

Hemisphere region of Australasia particularly from the mid 16th–mid 19th century. 614 

4.2. Ocean–atmosphere interactions  615 

While low frequency variations of internal ocean–atmosphere interactions like the El Niño–616 

Southern Oscillation (ENSO) are known to have played an important role in influencing regional 617 

temperature variations over the past millennium (Mann et al., 2005; Hegerl et al., 2007a; Mann et 618 

al., 2009; Li et al., 2011), the nature and stability of regional climate variations are still unclear 619 

(Lough, 2011; Gergis et al., 2012). To assess the relationship of reconstructed Australasian warm 620 

season temperatures and ENSO teleconnection, we compared our R27 reconstruction with the 621 

Unified ENSO Proxy (UEP) developed by McGregor et al. (2010). The UEP represents the first 622 

uncalibrated EOF of ten published ENSO reconstructions back to A.D. 1650 and probably 623 

represents the least spatially-biased ENSO reconstruction currently available. Since a number of the 624 



Page 25 of 74 

palaeoclimate records used in the current study have also been used in our previous ENSO 625 

reconstruction work (Braganza et al., 2009), the UEP was recalculated removing the Braganza et al. 626 

(2009) data (proxies three and nine in McGregor et al. (2010)) to provide independent comparison 627 

with our Australasian temperature reconstruction. 628 

The relationship between inter-annual and inter-decadal ENSO variability and Australian 629 

temperature is known to fluctuate over the 20th (Power et al., 1999; Jones and Trewin, 2000). The 630 

correlation coefficient between the 30-year filtered versions of the SOI (UEP) and our HadCRUT3v 631 

SONDJF temperature predictand over the instrumental period is r= -0.34 (r= -0.32). Figure 8 shows 632 

the 30-year running correlation between our inter-annual Australasian SONDJF temperature 633 

reconstruction and the UEP in the post-1649 interval of overlap. The results display a mostly 634 

negative relationship over the full period (r= -0.49) with considerable variability over past 635 

centuries. Figure 7 confirms notable fluctuations in the influence of Pacific Ocean driven climate 636 

variability and temperatures in the Australasian region during the instrumental period (e.g. the 637 

1930s and 1940s), and lesser-known instabilities seen in the early 18th and 19th centuries. 638 

Graham et al. (2011) present results from a coupled GCM showing that a slight warming of the 639 

tropical Indian and western Pacific Oceans relative to the other tropical ocean basins may have 640 

induced a broad range of the circulation and climate changes indicated by proxy data in the 641 

medieval period, including many of those not explained by a cooler eastern tropical Pacific alone. 642 

They suggest that tropical SSTs were the principal driver of large-scale climate variations during 643 

the MCA, which was characterised by an enhanced zonal Indo-Pacific SST gradient. However, if 644 

the Indo Pacific Warm Pool was indeed the origin of the relative warmth associated with the MCA, 645 

then the temperature signal would be expected to be stronger in the Australasian region than in 646 

hemispheric means. The lack of any strong ‘MCA signal’ in the reconstruction presented here 647 

therefore appears to be inconsistent with the Graham et al. (2011) hypothesis, or may reflect 648 

inadequacies in availability of records from tropical regions of Australasia during this period. 649 
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Shifts in ENSO variability in the core dynamical region of the Indo–Pacific region may 650 

correspond to notable period of warmth reported in the high latitude region of the Southern Ocean. 651 

Goosse et al. (2004) have proposed a delayed response to natural forcing due to the storage and 652 

transport of heat anomalies by the deep ocean to explain the warm Southern Ocean around 1300s to 653 

1400s as inferred from three Southern Hemisphere climate proxies used by Mann and Jones (2003) 654 

and additional Antarctic ice cores.  655 

The delay in the Southern Hemisphere temperature response to external climate forcing may 656 

have implications for the evolution of future climate change in the region. Model studies suggest 657 

that the present-day Southern Ocean temperatures lag the increases in greenhouse-gas 658 

concentrations observed during the recent decades (Goosse et al., 2004). This implies that it is 659 

possible that large warming of the Southern Ocean will occur when the warm deep water formed 660 

during the 20th century reaches the surface in coming decades (Goosse et al., 2004). 661 

4.3. Comparison with Australian borehole temperature reconstruction 662 

A comparison with the only continental-scale Australian borehole temperature reconstruction 663 

available for IPCC AR4 indicates that the (low frequency) borehole estimates fall within the cooler 664 

section of our uncertainty estimates until around 1800, before shifting closer to our ‘best estimate’ 665 

ensemble mean or the warmer uncertainty range until present day (Figure S5). This confirms the 666 

expected result that the rise in surface temperatures over the Australian landmass has been greater 667 

than within a broader regional domain combining land and ocean temperatures.  668 

Since most of the boreholes were logged prior to 1976, the observed subsurface temperatures do 669 

not capture the strong warming experienced by Australia in the last two decades of the 20th century 670 

(Pollack et al., 2006), but is captured in the temperature reconstruction presented here. In terms of 671 

cold periods, the borehole record suggests that the 17th century was the coolest interval, in contrast 672 

to the strong evidence for coldest conditions in the Australasian region between 1810–1860. This 673 

highlights the inability of boreholes used in IPCC AR4 (Pollack et al., 2006; Jansen et al., 2007) to 674 
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adequately capture the multi-decadal variations seen in Figure 4, and the importance of high-675 

resolution palaeoclimatology in improving estimates of regional decadal climate variations. 676 

Overall, the results presented here suggest that the second half of the 20th century (1951–2000) 677 

was 0.34°C warmer than average preindustrial conditions (A.D.  1651–1700, the cold phase before 678 

the borehole temperatures start to increase). This corresponds with the Australian (land-only) 679 

borehole estimate and the Northern Hemisphere (Mann et al., 2008) of 0.52°C and 0.56°C, 680 

respectively. The differences in magnitude between these anomalies may reflect the small land/sea 681 

ratio for the Australasian region, perhaps combined with a delayed Southern Hemisphere response 682 

to anthropogenic warming.  683 

5. Conclusions  684 

This study presents the first warm season (September–February) temperature reconstruction for 685 

the Southern Hemisphere combined land and oceanic region of Australasia. To provide robust 686 

uncertainty estimates, we perform an ensemble Principal Component Reconstruction (PCR) 687 

technique using 27 temperature proxies from the region. The R27 (R4) proxy network was 688 

significantly correlated (r= 0.83 (0.67)) with the HadCRUT3v SONDJF spatial mean temperature 689 

over the 1921–1990 period. Application of eight stringent reconstruction reliability metrics 690 

identified the period after A.D. 1430 as the highest quality section of the reconstruction, but also 691 

revealed a skilful reconstruction is possible over the entire millennium. 692 

There is broad agreement between reconstructed and CSIRO Mk3L model simulated 693 

temperatures during the pre-industrial era. Solar and volcanic forcing does not seem to have a 694 

distinct and consistent signal in the reconstructed decadal-scale temperature variations and appear 695 

to be masked by internal variability. In contrast, the response of Australasian temperature variations 696 

to anthropogenic forcing is clear. The results presented here and in Phipps et al. (2012) demonstrate 697 

that anthropogenic factors are needed to explain the most anomalous warm period reconstructed in 698 

the Australasian region over the past 1000 years. This finding is consistent with detection and 699 

attribution studies that clearly attribute the post 1950 temperature increase noted in instrumental 700 
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global and Australian temperature records to increases atmospheric greenhouse gas concentrations 701 

(Karoly and Braganza, 2005; Hegerl et al., 2007a).  702 

Our reconstruction suggests that peak pre-industrial warmth occurred in Australasia around A.D. 703 

1240–1360, somewhat later than described from Northern Hemisphere regions. The maximum 704 

temperature anomaly in the Australian region calculated over the A.D. 1238–1267 period is 0.09
o
C 705 

(±0.19°C) below 1961–1990 levels. It is worth noting that this medieval warming occurred in the 706 

absence of significant anthropogenic greenhouse gas emissions, thus is not analogous to post 1950 707 

observed warming which is predominantly anthropogenically-forced (Karoly and Braganza, 2005; 708 

Hegerl et al., 2007a). This implies that if the full range of natural climate variability has not yet 709 

been observed in Australasia, anthropogenic forcing may led to future ‘climate surprises’ that may 710 

manifest, for example, as changes in the frequency and duration of regional temperature extremes 711 

(Alexander and Arblaster, 2009). 712 

Following maximum pre-industrial warmth around A.D.1330, a cooling trend that lasts several 713 

hundred years begins. This cooling eventuates in a minimum temperature anomaly of -0.44
o
C by 714 

~1840 during the peak of the Northern Hemisphere’s ‘Little Ice Age’. Our results support the 715 

notion that a pronounced cool period consistent with the timing of the LIA extended well outside of 716 

the Northern Hemisphere high latitudes and into the tropical and subtropical regions of the Southern 717 

Hemisphere (Newton et al., 2006).  718 

The results introduced here are significant for a number of reasons. This Australasian 719 

temperature reconstruction is the first high-resolution, multi-proxy study available for the region, 720 

and only the second large-scale regional synthesis available from the Southern Hemisphere 721 

(Neukom et al., 2011). Given that instrumental observations in Australasia generally extend back, at 722 

best, to the early 20th century, the palaeoclimate temperature estimates presented here now provide 723 

an extended basis for evaluating the accuracy of climate models in simulating past regional climate 724 

variability and an opportunity to reduce uncertainties associated with future climate variability and 725 

change (Hegerl et al., 2006; Hegerl et al., 2011). This study provides pre-industrial estimates of 726 
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decadal temperature variations as far back as A.D. 1000, which may help to quantify the role of 727 

natural and anthropogenic forcing on regional climate variations as demonstrated in other regions of 728 

the world (Hegerl et al., 2006; Hegerl et al., 2011).  729 

Our work provides a significant improvement on the uncertainties reported in the IPCC AR5 for 730 

the Australasian region (CSIRO, 2007; Jansen et al., 2007), and Northern Hemisphere-centric 731 

understanding of climate variations that have occurred over the past 1000 years (Lamb, 1965; 732 

Grove, 1988; Hughes and Diaz, 1994; Crowley and Lowery, 2000; Bradley et al., 2003; Mann et 733 

al., 2009; Graham et al., 2011). Future research will focus on consolidating Australasian 734 

palaeoclimate data with other Southern Hemisphere regions to advance our understanding of global 735 

change over the past millennium.  736 
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8. Table captions 1022 

Table 1. Proxy data network used in the Australasian SONDJF temperature reconstruction. Note 1023 

that all coral records are averaged over the September–February period. 1024 

Table 2. Warmest and coolest decades (top) and non-overlapping 30-year periods (bottom) 1025 

calculated for the R27, R21, R14 and R4 networks. Average temperature anomalies relative to the 1026 

1961–1990 base period are shown in brackets. 1027 

Table 3. Correlations between R27 temperature reconstruction and CSIRO Mk3L model ensemble 1028 

means. Bolded values are significant as determined by a normal distribution white noise p-value, 1029 

p<0.05. 1030 

9. Figure captions 1031 

Figure 1. Location of the tree ring (green), coral (blue) and ice core (orange) records used in the 1032 

R27 predictor network (top) and corresponding temporal coverage of proxy records 1000–2001 1033 

(bottom). The dashed line encloses the target region of Australasia defined by the domain 0ºS–50ºS, 1034 

110ºE–180ºE. Note that multiple climate proxies are available for some sites. 1035 

Figure 2. Instrumental (black) and reconstructed (red) September–February HadCRUT3v spatial 1036 

mean temperature calculated for the Australasian region (110ºE–180ºE, 0º–50ºS) over the 1921–1037 

2001 period. 2SE uncertainty intervals of the reconstruction are shaded. 1038 

Figure 3. 3000-member temperature reconstruction ensemble (top) with ensemble median RE over 1039 

verification intervals within the 1921–1990 overlap period (black, middle) and RE of the ensemble 1040 

mean over 1900–1920 early verification period (red, bottom). Coloured lines represent a percentile 1041 

grouping of the ensemble members. The area between the black lines encloses all (100%) members; 1042 

the area between the lowest (1st percentile) and the highest blue lines (99th percentile) encloses 1043 

98% of the members and so on. The dark red line represents the median.1044 
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Figure 4. Australasian September–January mean temperature reconstruction, A.D. 1000–2001. 1045 

Solid line represents the 30!year filtered ensemble mean reconstruction based on multivariate 1046 

principal component regression performed on a 3000!member ensemble. The 95% combined 1047 

ensemble and calibration uncertainties are denoted by grey shading. Most reliable periods of the 1048 

reconstruction (as determined by six reconstruction skill and stability metrics) are shown by solid 1049 

black line with less reliability indicated by the thin black line. Instrumental HADCRUT3v 1050 

combined land and ocean temperature data over the 1900–2009 period shown in green. All 1051 

anomalies are calculated relative to a 1961–1990 base period. 1052 

Figure 5. Comparison of the Australasian SONDJF ensemble mean temperature reconstruction 1053 

(solid black line) with solar grand minima (pink shading) and the Southern Hemisphere component 1054 

of Gao et al.’s (2008) global volcanic sulphate aerosol injection dataset (blue). The 95% combined 1055 

ensemble and calibration reconstruction uncertainties are denoted by grey shading.  1056 

Figure 6. Comparison of the 30 year filtered Australasian SONDJF ensemble mean temperature 1057 

reconstruction (solid black line) with the ensemble mean of three model simulations derived from 1058 

the CSIRO Mk3L model developed by Phipps et al. (2011). The 95% combined ensemble and 1059 

calibration reconstruction uncertainties are denoted by grey shading. All anomalies are calculated 1060 

relative to a 1961–1990 base period. 1061 

Figure 7. The distribution of the changes in Australasian mean SONDJF temperature between 1062 

consecutive non-overlapping 50-year periods of a 10,000-year pre-industrial control simulation. 1063 

Figure 8. 30-year running correlation between  the R27 Australasian temperature reconstruction 1064 

and a modified version of the McGregor et al. (2010) Unified ENSO Proxy (UEP) which excludes 1065 

Australasian proxies used in the Braganza et al. (2009) study.  1066 

1067 
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Table 1. Proxy data network used in the Australasian SONDJF temperature reconstruction. Note 1067 

that all coral records are averaged over the September–February period. 1068 

 Record name Archive  Start 

year 

End 

year 

Lon 

(°E) 

Lat 

(°S) 

Location Proxy 

variable 

Reference/s 

1 Mt Read  Tree rings 999 2001 147 42 Australia Tree ring 

width 

Cook et al. 

(2006) 

2 Oroko Tree rings 999 2001 170 43 New Zealand Tree ring 

width 

Cook et al. 

(2006) 

3 Palmyra Coral 1149 1998 162 6 Northern 

Line Ids 

"18O Cobb et al. 

(2003) 

4 Celery Top Pine East Tree rings 1430 1994 148 42 Australia Tree ring 

width 

Allan et al. 

(2001) 

5 Pink Pine South Island composite Tree rings 1457 1999 172 42 New Zealand Tree ring 

width 

Duncan et 

al. (2010) 

6 Urewera Tree rings 1462 1987 177 39 New Zealand Tree ring 

width 

Xiong and 

Palmer 

(2000) 

7 Buckley’s Chance Tree rings 1463 1991 146 42 Australia Tree ring 

width 

Buckley et 

al.(1997) 

8 North Island_LIBI_Composite_1 Tree rings 1526 1992 175 39 New Zealand Tree ring 

width 

Xiong and 

Palmer 

(2000) 

9 Takapari Tree rings 1533 1992 176 40 New Zealand Tree ring 

width 

Xiong and 

Palmer 

(2000) 

10 Mangawhero Tree rings 1551 1994 175 39 New Zealand Tree ring 

width 

D’Arrigo et 

al. (1998; 

2000) 

11 Kauri Tree rings 1577 2002 174 36 New Zealand Tree ring 

width 

Fowler et 

al.(2008) 

12 Fiji_AB Coral 1617 2001 179 17 Fiji "18O Linsley et al. 

(2006) 

13 NI_LIBI_Composite_2 Tree rings 1651 1990 174 39 New Zealand Tree ring 

width 

Xiong and 

Palmer 

(2000) 

14 New_Caledonia Coral 1658 1992 166 22 New 

Caledonia 

"18O Quinn et al. 

(1998) 

15 Stewart_Island_HABI_composite Tree rings 1758 1993 168 47 New Zealand Tree ring 

width 

D’Arrigo et 

al. (1996; 

1998; 2000) 

16 Rarotonga Coral 1761 1996 160 21 Cook Islands " 18O Linsley et al. 

(2006; 2008) 

17 Vostok Ice core 1774 1999 107 78 Antarctica "18O Ekaykin et 

al. (2004) 

18 Vostok Ice core 1774 1999 107 78 Antarctica Accumulation Ekaykin et 

al. (2004) 

19 Fiji_1F Coral 1780 1997 179 17 Fiji "18O Linsley et al. 

(2004) 

20 Bali Coral 1783 1989 115 8 Indonesia "18O Charles et 

al.(2003) 

21 Abrolhos Coral 1794 1993 114 28 Australia "18O Kuhnert et 

al. (1999) 

22 Maiana Coral 1840 1994 173 1 North Gilbert 

Ids  

"18O Urban et al. 

(2000) 

23 Bunaken  Coral 1863 1990 123 3 Indonesia "18O Charles et 

al.(2003) 

24 Rarotonga.3R Coral 1874 2000 160 21 Cook Islands "18O Linsley et al. 

(2006; 2008) 

25 Ningaloo Coral 1878 1995 114 22 Australia "18O Kuhnert et 

al. (2000) 

26 Madang  Coral 1880 1993 146 5 Papua New 

Guinea 

"18O Tudhope et 

al. (2001) 

27 

 

Laing Coral 1884 1993 145 4 Papua New 

Guinea 

"18O Tudhope et 

al. (2001) 

 1069 
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Table 2. Warmest and coolest decades (top) and non-overlapping 30-year periods (bottom) 1070 

calculated for the R27, R21, R14 and R4 temperature proxy networks. Average temperature 1071 

anomalies relative to the 1961–1990 base period are shown in brackets. 1072 

Decades (Start year indicated)   

  R27 R21 R14 R4 

Warmest decade 1990 (+0.11) 1990 (+0.11) 1990 (+0.15) 1990 (+0.12) 

2nd warmest 1980 (+0.11) 1980 (+0.10) 1980  (+0.10) 1980 (+0.08) 

3rd warmest 1970 (+0.02) 1970 (+0.03) 1970 (-0.00) 1970 (-0.01) 

4th warmest 1240 (-0.01) 1240 (-0.02) 1240 (-0.02) 1240 (-0.01) 

5th warmest 1330 (-0.02) 1330 (-0.03) 1330 (-0.03) 1330 (-0.03) 

     

Coldest decade 1830 (-0.47) 1830 (-0.47) 1520 (-0.45) 1320 (-0.41) 

2nd coldest 1840 (-0.47) 1840 (-0.46) 1830 (-0.44) 1730 (-0.40) 

3rd coldest 1520 (-0.45) 1520 (-0.45) 1650 (-0.44) 1060 (-0.40) 

4th coldest 1650 (-0.44) 1760 (-0.43) 1680 (-0.42) 1830 (-0.40) 

5th coldest 1900 (-0.44) 1650 (-0.43) 1320 (-0.40) 1520 (-0.39) 

     

Non-overlapping 30-year periods   

  R27 R21 R14 R4 

Warmest 1971-2000 (+0.09) 1971-2000 (+0.09) 1971-2000 (+0.10) 1971-2000 (+0.07) 

2nd warmest 1238-1267 (-0.09) 1238-1267 (-0.09) 1238-1267 (-0.09) 1238-1267 (-0.09) 

3rd warmest 1330-1359 (-0.10) 1330-1359 (-0.11) 1330-1359 (-0.11) 1330-1359 (-0.10) 

     

Coldest 1830-1859 (-0.44) 1829-1858 (-0.43) 1634-1663 (-0.40) 1828-1859  (-0.38) 

2nd coldest 1634-1663 (-0.40) 1634-1663 (-0.40) 1829-1858 (-0.39) 1056-1085 (-0.37) 

3rd coldest 1884-1913 (-0.38) 1056-1085 (-0.36) 1056-1085 (-0.36) 1886-1915 (-0.36) 

 1073 

1074 
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Table 3. Correlations between R27 temperature reconstruction and CSIRO Mk3L model ensemble 1074 

means. Bolded values are significant as determined by a normal distribution white noise p-value, 1075 

p<0.05. 1076 

Interval Inter-annual correlation 30-year filtered correlation 

1000–2000 0.27 0.33 

1000–1300 -0.04 -0.01 

1301–1600 0.09 0.15 

1601–1900 0.18 0.27 

1901–2000 0.77 0.90 

 1077 

1078 
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 1078 

Figure 1. Location of the tree ring (green), coral (blue) and ice core (orange) records used in the 1079 

R27 predictor network (top) and corresponding temporal coverage of proxy records 1000–2001 1080 

(bottom). The dashed line encloses the target region of Australasia defined by the domain 0ºS–50ºS, 1081 

110ºE–180ºE. Note that multiple climate proxies are available for some sites.1082 
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 1083 

Figure 2. Instrumental (black) and reconstructed (red) September–February HadCRUT3v spatial 1084 

mean temperature calculated for the Australasian region (110ºE–180ºE, 0º–50ºS) over the 1921–1085 

2001 period. 2SE uncertainty intervals of the reconstruction are shaded. 1086 
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 1087 

Figure 3. 3000-member temperature reconstruction ensemble (top) with ensemble median RE over 1088 

verification intervals within the 1921–1990 overlap period (black, middle) and RE of the ensemble 1089 

mean over 1900–1920 early verification period (red, bottom). Coloured lines represent a percentile 1090 

grouping of the ensemble members. The area between the black lines encloses all (100%) members; 1091 

the area between the lowest (1st percentile) and the highest blue lines (99th percentile) encloses 1092 

98% of the members and so on. The dark red line represents the median.1093 
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 1094 

Figure 4. Australasian September–January mean temperature reconstruction, A.D. 1000–2001. 1095 

Solid line represents the 30!year filtered ensemble mean reconstruction based on multivariate 1096 

principal component regression performed on a 3000!member ensemble. The 2SE combined 1097 

ensemble and calibration uncertainties are denoted by grey shading. Most reliable periods of the 1098 

reconstruction (as determined by eight reconstruction skill and stability metrics) are shown by solid 1099 

black line with less reliability indicated by the thin black line. Instrumental HADCRUT3v 1100 

combined land and ocean temperature data over the 1900–2009 period shown in green. All 1101 

anomalies are calculated relative to a 1961–1990 base period. 1102 

1103 
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 1103 

Figure 5. Comparison of the Australasian SONDJF ensemble mean temperature reconstruction 1104 

(solid black line) with solar grand minima (pink shading) and the Southern Hemisphere component 1105 

of Gao et al.’s (2008) global volcanic sulphate aerosol injection dataset (blue). The 2SE combined 1106 

ensemble and calibration reconstruction uncertainties are denoted by grey shading.  1107 

1108 
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 1108 

Figure 6. Comparison of the 30 year filtered Australasian SONDJF ensemble mean temperature 1109 

reconstruction (solid black line) with the ensemble mean of three model simulations derived from 1110 

the CSIRO Mk3L model developed by Phipps et al. (2011). The 2SE combined ensemble and 1111 

calibration reconstruction uncertainties are denoted by grey shading. All anomalies are calculated 1112 

relative to a 1961–1990 base period.1113 
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Figure 7. The distribution of the changes in Australasian mean SONDJF temperature between 1114 

consecutive non-overlapping 50-year periods of a 10,000-year pre-industrial control simulation. 1115 

1116 
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 1116 

Figure 8. 30-year running correlation between the R27 Australasian temperature reconstruction and 1117 

a modified version of the McGregor et al. (2010) Unified ENSO Proxy (UEP) which excludes 1118 

Australasian proxies used in the Braganza et al. (2009) study. Note that negative UEP values 1119 

correspond to La Niña-like conditions and vice versa.  1120 

 1121 
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Supplementary material 1150 

S1. Coherence of Australasian tmperature 1151 

 1152 
Figure S1. Correlation of the Australasian HadCRUT3v grid cells with the spatial mean of the 1153 

target domain (110ºE–180ºE, 0º–50ºS) over the 1900–2009 period. Grid cells in Western Australia 1154 

contain missing values are shaded grey.1155 
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S2. Proxy nest (subset) reconstructions and ensemble parameters 1156 

Table S2.1. Verification metrics for R27, R21, R14 and R3 proxy subsets, 1900–2009. 1157 

Nest 
Ensemble 

median RE 

Early 

verification RE 

Residual SD Residual SD   

(30-year filtered) 

Ensemble mean 

RMSE 

R28 (all proxies) 0.50 0.72 0.15 0.07 0.12 

R21 (pre 1801 proxies) 0.48 0.69 0.15 0.07 0.12 

R14 (pre 1701 proxies) 0.38 0.64 0.16 0.08 0.13 

R4 (pre 1457 proxies) 0.14 0.62 0.19 0.08 0.17 

 1158 

Figure S 2.1. Comparison of R27 (red), R21 (green), R14 (blue) and R4 (red dashed) networks with 1159 

HadCRUT3v Australasian SONDJF mean (black), 1900–2009. Correlations of each proxy network 1160 

with observed HadCRUT3v temperatures are bracketed. 1161 

1162 
Figure S 2.2. Comparison of R27 (black), R21 (red), R14 (green) and R4 (blue) 30-year filtered 1163 

reconstructions, A.D. 1000–2001. 1164 
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1165 

1166 

1167 
Figure S2.3. R4 (pre-1457 proxies), R14 (pre-1701 proxies) and R21 (pre1801) subset 1168 

reconstructions (black) with 95% combined ensemble and calibration uncertainties (grey shading). 1169 
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 1170 

Figure S2.4. Effect of proxy sampling on the ensemble spread (details see section 2.3 in the main 1171 

text). Distribution of the standard deviations between reconstruction ensemble members 1000–2001 1172 

based on different sampling parameters. Solid black: Results from a reconstruction removing five 1173 

predictors from the proxy set for each ensemble member. This parameter was used in the 1174 

reconstructions presented herein. Red, green blue and light blue: Results after removing one, three, 1175 

seven and nine predictor for each member, respectively. The dashed vertical line shows represents 1176 

0.5 standard deviations of the reconstruction median 1000–2001 (which is not sensitive to proxy 1177 

sampling (Figure S2.5)). 1178 

 1179 

Figure S2.5. Effect of proxy sampling on the reconstruction ensemble mean. Distributions of the 1180 

difference between the ensemble mean (removing five proxies from for each member) and the 1181 

ensemble mean removing one (red), three (green), seven (blue) and nine (light blue) proxies over 1182 
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the period 1000-2001. The dashed vertical line shows represents ±0.1 standard deviations of the 1183 

reconstruction median 1000-2001 (removing five proxies from each member). 1184 

 1185 

Figure S2.6. Effect of proxy scaling factors on the ensemble spread. Same as Figure S2.4 but with 1186 

varying weighting factors for each proxy record in the PC analysis. 1187 

 1188 

Figure S2.7. Effect of proxy scaling factors on the reconstruction ensemble mean. Same as Figure 1189 

S2.5 but with varying weighting factors for each proxy record in the PC analysis. 1190 

1191 
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S3. Pseudo instrumental verification 1191 

1192 

 1193 

 1194 

Figure S3.1. Instrumental verification using HadCRUT3v grid points from R27 palaeoclimate 1195 

record locations (top). Histogram of mean RE values for 3000-member ensemble (below).1196 
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1197 

 1198 

 1199 

Figure S3.2. Instrumental verification using GHCN stations from R27 palaeoclimate record 1200 

locations (top). Histogram of mean RE values for 3000-member ensemble (below).1201 
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 1202 

 1203 

Figure S3.3. Pseudo proxy experiment based on ten noise reconstructions (top) and combined 1204 

histogram of mean RE values derived from ten, 3000-member ensembles (below). 1205 

1206 
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 1206 

 1207 

 1208 

Figure S3.4. Histograms of the times at which the hottest reconstructed 10-year (black), 30-year 1209 

(middle grey) and 50-year (light grey) periods occurred for each ensemble member and the fraction 1210 

of 3000 ensemble members for which this occurred. Results are shown for the R27 suite of proxies 1211 

(lower right) and the sub-nests of R4 (upper left), R14 (upper right) and R21 (lower left). 1212 

1213 
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Table S3.1. The percentage of ensemble members (n = 3000) of reconstructed Australasian mean 1213 

temperature where the hottest 10-year, 30-year and 50-year period occurred after 1950. Percentage 1214 

values are shown for the R4, R14, R21 and R27 networks of the temperature proxy locations. 1215 

 R4 R14 R21 R27 

 10-year period 72.5% 88.8% 86.2% 86.2% 

 30-year period 89.7% 97.0% 97.5% 98.3% 

 50-year period 76.4% 95.5% 93.5% 94.5% 

1216 
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S4. CSIRO Mk3L model comparisons 1216 

 1217 

Figure S4.1. Comparison of the 30 year filtered Australasian SONDJF ensemble mean temperature 1218 

reconstruction (solid black line) with three member ensemble mean simulations (blue) and 1219 

associated 2SD uncertainties derived from the CSIRO Mk3L model developed by Phipps et al. 1220 

(2011). The 95% combined reconstruction ensemble and calibration reconstruction uncertainties are 1221 

shaded grey. All anomalies are calculated relative to a 1500–1850 base period, contrasting to Figure 1222 

6 that shows anomalies relative to a 1961–1990 base period. 1223 
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Figure S4.2. Forced (blue) and unforced (red) simulations of Australasian mean SONDJF 1224 

temperature for the period AD 1001-2000. The unforced data represents three independent 1000-1225 

year sections of a 10,000-year pre-industrial control simulation. The forced data represents a three-1226 

member ensemble of transient simulations, forced with changes in the Earth's orbital parameters, 1227 

atmospheric greenhouse gas concentrations, total solar irradiance and volcanic sulphate aerosols. 1228 

Thin lines represent individual ensemble members and thick lines the ensemble mean. A 31-year 1229 

Hanning smoother is applied. Vertical dashed lines indicate the Kuwae (AD 1452) and Tambora 1230 

(AD 1815) volcanic eruptions, as well as the unknown eruption of AD 1258. 1231 
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1232 
Figure S4.3. Reconstructed temperature differences between consecutive 50-year periods. Black: 1233 

ensemble mean (centred on the last year of the first 50-year period). Grey shading: Ensemble 2 1234 

standard deviation uncertainty bands. Dashed horizontal red lines: Maximum and minimum 1235 

differences in a 10,000-year pre-industrial control simulation using CSIRO Mk3L (Figure 8) 1236 

represent the bounds of natural variability. 1237 
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S5. Australasian SONDJF temperature reconstruction vs. Australian borehole temperatures 1238 

 1239 

Figure S5. Comparison between the 30-year loess filtered Australasian SONDJF ensemble mean 1240 

temperature reconstruction (black) with 2SE  uncertainties (grey shading) and Pollack et al.’s 1241 

(2006) low frequency Australian borehole temperature reconstruction (red) and associated 2SE 1242 

uncertainties (pink shading) from AD 1500 onward. 30-year loess filtered HadCRUT3v 1243 

Australasian spatial mean (green) also shown over the 1901–1994 period. 1244 

1245 



Page 69 of 74 

S6. Temperature reconstruction ‘reliability’ measures 1245 

Table S6: Name and description of the eight measures that were used to assess the reliability of the 1246 

reconstruction. For further details see Neukom et al. (in prep). 1247 

Skill measures  

No. Name Details 

1 RE Ensemble median RE is higher than the ensemble 

median RE of a reconstruction using AR(1) noise 

proxies 

2 RMSE 
RMSE of the ensemble mean is smaller than the 

RMSE of the ensemble mean of a reconstruction 

using AR(1) noise proxies 

Robustness measures  

No. Name Details 

3 Nests - decadal Final reconstruction is similar to the reconstruction 

of each proxy-nest. We calculate the ensemble 

mean of each nest over all years with data 

available, not only the time slice that is represented 

by the nest. If this mean similar to the full ensemble 

mean (both 30-year filtered) over the years that are 

not represented by the nest, then the years that are 

represented by the nest are considered robust. 

 

4 Nests - interannual 
Same as no. 3 but comparing the 50-year running 

standard deviation of the unfiltered reconstructions 

(nests vs. final reconstruction) 

5 Proxies - decadal Final reconstruction is similar to the reconstruction 

after removing each proxy individually. The 30-

year filtered mean of the full ensemble is compared 

to the 30-year filtered mean of all members, where 

a given proxy has been removed from the proxy 

set. Each year, where the two reconstructions are 

similar for all 27 proxies to be removed, is 

considered robust. 

6 Proxies - interannual 
Same as no. 5 but comparing the 50-year running 

standard deviation of the unfiltered reconstructions 

(removed proxies vs. final reconstruction) 

7 Ensemble members - decadal Final reconstruction (30-year filtered) is similar to 

the mean of only the ensemble members with RE>0 

(30-year filtered) 

8 Ensemble members - interannual 
Same as no. 5 but comparing the 50-year running 

standard deviation of the unfiltered reconstructions 

(members with RE>0 only vs. Final reconstruction) 

 1248 

1249 
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S7. Underestimation of reconstructed temperature after 1995 1249 

In the years 1996–2001 reconstructed temperatures are consistently lower than instrumental data 1250 

(Figure 2). However, this difference is not caused by the proxy records’ inability to register 1251 

exceptionally warm temperatures (a phenomenon called ‘divergence’ in the literature, see e.g. Esper 1252 

and Frank, 2009) for the following reasons:  1253 

1. ‘Unequal attention’: Esper and Frank (2009) provide a number of possibilities to incorrectly 1254 

detect a divergence problem. Our case is an example of ‘unequal attention’ (see their Figure 1255 

1i), where differences between reconstructed and instrumental temperatures of similar 1256 

magnitude occur also in other years during the overlap period. In our case, there is also an 1257 

underestimation of instrumental temperatures around 1940, a rather cool phase. Hence, the 1258 

difference at the end of the reconstruction is very likely to be a ‘normal’ calibration issue 1259 

unrelated to the particularly warm instrumental temperatures over the 1996–2001 period. 1260 

2. Sub-regional temperature variations: During 1996-2001 the number of proxies available is 1261 

already relatively low (between 11 in 1996 and 4 in 2001, see Table 1). The most important 1262 

candidates for a divergence problem are the two tree ring records Mt Read and Oroko, 1263 

which both cover the full reconstruction period. Figure S7.1 shows a variation of Figure 2 1264 

using these two proxies only (red curve). An alternative reconstruction is provided using the 1265 

instrumental data that correspond to these two tree ring records (Cook et al. 2006) as 1266 

predictors (green curve). The apparent discrepancy remains practically unchanged if 1267 

instrumental predictors are used. Hence, the difference between our reconstruction and the 1268 

instrumental target is likely to stem from differences between sub-regional temperatures 1269 

(from New Zealand and Tasmania) and the Australasian temperature mean during this 1270 

period. The relationship between the tree ring data and local temperatures remains robust 1271 

during this period. 1272 

3. Uncertainties: As shown in Figure 2, instrumental temperatures are well within the 1273 

uncertainty range of our reconstruction during warm years, except for the years 1997 and 2001. 1274 
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While these factors explain that differences in reconstructed and instrumental temperatures are 1275 

not due to ‘divergence’, they also show that proxy based reconstructions are not perfect and 1276 

local temperatures may not always be representative for large-scale fluctuations. Despite these 1277 

differences, Figures 3, 4 and S1 and Sections S2 and S3 show that our results represent a skilful 1278 

reconstruction of Australasian temperatures over the 1000–2001 period. 1279 

 1280 

Figure S7.1. Black: Instrumental target data 1900-2001. Red: Reconstruction ensemble median 1281 

using only proxies 1 and 2 (see Table 1) as predictors. Green: Same as red but using the 1282 

corresponding instrumental temperature station data as proxies (see Cook et al. 2006 for data 1283 

description.)1284 
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S8. Solar, volcanic and anthropogenic forcing 1285 

 1286 

Figure S8.1. Black: ensemble distribution of the average 30-year loess filtered temperature 1287 

anomalies during solar minima: Oort (1040–1080), Wolf (1280–1350), Spörer (1460–1550), 1288 

Maunder (1645–1715), and Dalton Minimum (1790–1820). Red: Same as black but for the 1289 

remaining years of the 1000–1850 period. 1290 

1291 
Figure S8.2. Top panel: fraction of ensemble members showing significant (p<0.05) positive 1292 

200-year running correlation of the 30-year filtered reconstruction with solar forcing 1293 

(Steinhilber et al., 2009) (black) and greenhouse gas concentrations (MacFarling–Meure et al., 1294 

2006) (red). Bottom panel: Absolute values of solar (black) and greenhouse gas (red) radiative 1295 
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forcing (W/m
2
) and our ensemble mean reconstruction (green) expressed relative to a 1000–1296 

1850 pre-industrial base period.  1297 

 1298 

Figure S8.3. Superimposed epoch analysis showing the response of reconstructed temperatures 1299 

to volcanic forcing given by Crowley et al. (2008). The 33% largest eruptions exceeding a 1300 

reconstructed forcing of -0.5 W/m
2
 are used (11 events). Black: Median temperatures of the 1301 

ensemble mean between 5 years before and 10 after the eruption (expressed as anomalies 1302 

relative to the average of the five years preceding the eruption). Uncertainty estimates represent 1303 

bootstrapped re-sampling of the medians. The red shaded area represents the 95% confidence 1304 

interval of 1000 iterations of calculating the median of 11 random non-volcanic events. We 1305 

selected the coldest of the years 0 and +1 after the eruption as the “response year” (year “0” in 1306 

the plot) to allow for dating uncertainties or eruptions that take place late in the year. 1307 

 1308 
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Figure S8.4. Same as Figure S8.3 but using the Crowley et al. (2000) volcanic forcing dataset 1309 

with 19 events selected. 1310 

 1311 

Figure S8.5. Same as Figure S8.3 but using the volcanic forcing dataset of Gao et al. (2008) global 1312 

forcing with 13 events selected. 1313 

 1314 

Figure S8.6. Same as Figure S8.3 but using the volcanic forcing dataset of Gao et al. (2008) 1315 

Southern Hemisphere forcing with 17 events selected. 1316 


