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Abstract

Long, continuous palaeoclimate records provide an opportunity to extend knowledge of decadal to multi-decadal scale climate

variability beyond the limit of instrumental records. In this study, quality-controlled proxy records from southeastern Australia

are examined for coherent variability during the Common Era, with age uncertainty for each record estimated using iterative age

modeling. Site-level empirical orthogonal functions (EOFs) are derived from multivariate records for the purpose of objective

comparison of climate signals between sites without selection bias. A regional Monte Carlo EOF (MCEOF) analysis is conducted

on combined time-uncertain single-proxy records and site-level EOFs. The analysis identifies two robust vectors, which are

inferred to represent hydroclimate changes. The first regional MCEOF suggests an increase in effective moisture between 900 –

1750 CE. Agreement between regional MCEOF1 and Australian temperature reconstructions suggests suppressed evaporation

was a significant influence on regional effective moisture during this time. Regional MCEOF2 exhibits shorter, centennial-

scale oscillations that show some similarity with rainfall reconstructions based on remote high-resolution proxies. We interpret

MCEOF2 to represent regional-scale rainfall patterns driven by changes in seasonal rainfall and the influence of the Southern

Annular Mode over southern Australian rainfall. This study presents the first quantitative regional synthesis of southeastern

Australian hydroclimate reconstructions from multivariate sedimentary archives covering the last 1200 years. The resulting

MCEOFs demonstrate the utility of low-resolution climate records from this region, but also highlight the limitations of the

existing data network, which must be resolved through the generation of new records.
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Key Points: 18 

• Southeastern Australia experienced cooler and wetter conditions during the Little Ice 19 

Age, with increased winter rainfall. 20 

• Temperature may have played a role in controlling effective moisture in the region during 21 

the last 1200 years by decreasing evaporation. 22 

• Australian decadally and annually resolved palaeoclimate archives show similar low-23 

frequency patterns during the Common Era, although the signal in the latter is more 24 

attenuated.  25 
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Plain language summary 26 

Changes in the characteristics of natural materials, such as ice, trees, and lake mud, allows us to 27 

know how the climate has changed in the past. This is particularly important in Australia, where 28 

climate varies drastically but written climate records go back less than 100 years. In this study, 29 

we look at these changes in natural materials at eight locations across southeastern Australia. 30 

Although each location has its own history, we find common patterns between all the sites. 31 

Southeast Australia has generally gotten rainier between 1050 years ago and 200 years ago. 32 

Temperatures were cooler at the same time, so the rain could nourish the landscape more rather 33 

than just drying out immediately. The rainiest time happened 550-350 years ago, when most of 34 

the rain was coming up from the Southern Ocean during winter. Finding these common patterns 35 

in natural sources from different locations makes us more certain about how the climate has 36 

changed in the past and can help us to know how the climate may change into the future. 37 

Abstract 38 

Long, continuous palaeoclimate records provide an opportunity to extend knowledge of 39 

decadal to multi-decadal scale climate variability beyond the limit of instrumental records. In this 40 

study, quality-controlled proxy records from southeastern Australia are examined for coherent 41 

variability during the Common Era, with age uncertainty for each record estimated using 42 

iterative age modeling. Site-level empirical orthogonal functions (EOFs) are derived from 43 

multivariate records for the purpose of objective comparison of climate signals between sites 44 

without selection bias. A regional Monte Carlo EOF (MCEOF) analysis is conducted on 45 

combined time-uncertain single-proxy records and site-level EOFs. The analysis identifies two 46 

robust vectors, which are inferred to represent hydroclimate changes. The first regional MCEOF 47 

suggests an increase in effective moisture between 900 – 1750 CE. Agreement between regional 48 

MCEOF1 and Australian temperature reconstructions suggests suppressed evaporation was a 49 

significant influence on regional effective moisture during this time. Regional MCEOF2 exhibits 50 

shorter, centennial-scale oscillations that show some similarity with rainfall reconstructions 51 

based on remote high-resolution proxies. We interpret MCEOF2 to represent regional-scale 52 

rainfall patterns driven by changes in seasonal rainfall and the influence of the Southern Annular 53 

Mode over southern Australian rainfall. This study presents the first quantitative regional 54 

synthesis of southeastern Australian hydroclimate reconstructions from multivariate sedimentary 55 
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archives covering the last 1200 years. The resulting MCEOFs demonstrate the utility of low-56 

resolution climate records from this region, but also highlight the limitations of the existing data 57 

network, which must be resolved through the generation of new records. 58 

1 Introduction 59 

Recent decades have been characterized by periods of severe drought and seasonal 60 

rainfall decreases across parts of the Australian continent (Gergis et al., 2012; Taschetto & 61 

England, 2009; van Dijk et al., 2013). However, the drivers of these apparently extreme events in 62 

the context of longer-term hydroclimate variability remain unclear, especially on decadal to 63 

multi-decadal time scales (Cai et al., 2014; Kiem et al., 2016; van Dijk et al., 2013). Instrumental 64 

observations in Australia extend back to the late 1800s at most, but many studies examining 65 

climate variability use datasets covering only part of the 20th century (Ansell et al., 2000; Kiem 66 

& Franks, 2004; Kiem et al., 2003). This provides only a short reference period for examining 67 

the causes of rainfall variability on multi-decadal time scales (Ashcroft et al., 2014; Gallant et 68 

al., 2011). Additionally, climate-model projections for Australia have suggested that drying 69 

trends in southern Australia will continue, along with an intensification of drought frequency and 70 

duration (Grose et al., 2015). These projections can be placed into a broader context through 71 

comparison with sufficiently long paleoclimate baselines.  72 

Australian climate is strongly impacted by the interaction of coupled ocean-atmosphere climate 73 

modes (i.e. the El Niño-Southern Oscillation (ENSO), and the Indian Ocean Dipole (IOD)) 74 

because of the continent’s location at the intersection of the Indian and Pacific Oceans (Ashok et 75 

al., 2003; Power et al., 1999a; Power et al., 1999b). Decadal variability of interannual modes and 76 

their impacts is pronounced, particularly in the Pacific (Power et al. 1999; Henley et al. 2015). 77 

Coupled modes and hemispheric atmospheric circulation patterns (i.e. the Southern Annular 78 

Mode (SAM) (Hendon et al., 2007)) control the origin and amount of regional precipitation 79 

(Risbey et al., 2009). Interaction of these modes explains much of the decadal variability in 80 

southeastern Australian rainfall during the 20th century (Murphy & Timbal, 2008; Speer et al., 81 

2011); however, only a few proxy-based studies have attempted to extend this knowledge 82 

beyond the instrumental period (Allen et al., 2017; Allen et al., 2015; Freund et al., 2017; Palmer 83 

et al., 2015). Model-based future projections rely on the skill and reliability of models to 84 

characterize key ocean-atmosphere processes. However, the latest generation of climate models 85 
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varies widely in their ability to capture the observed spatial and temporal behavior of modes of 86 

variability (Bellenger et al., 2014; Henley et al., 2017; Weller & Cai, 2013; Zheng et al., 2013). 87 

Proxy-based paleoclimate records have a unique potential to complement instrumental 88 

and model data and provide a critical longer-term reference for observed changes and variability 89 

(Gallant et al., 2011; Henley et al., 2011; Neukom & Gergis, 2012; Treble et al., 2003). The 90 

Common Era, the period of the last ~2000 years, is adopted widely as an appropriate reference 91 

for placing recent (the last ~200 years) climate fluctuations into the context of natural variability 92 

under the current boundary conditions (PAGES2k Consortium, 2013, Dixon et al., 2017).  93 

Efforts to reconstruct multi-decadal scale climate variability and examine possible 94 

influences of climate drivers on decadal precipitation in the Australasian region have primarily 95 

relied on annually resolved paleoclimate archives, such as tree rings, corals, and ice cores (Cook 96 

et al., 2006; Cullen & Grierson, 2009; Gergis et al., 2016; Hendy et al., 2002; Lough, 2007; van 97 

Ommen & Morgan, 2010; T. R. Vance et al., 2013). The geographic distribution of these multi-98 

century paleoclimate reconstructions is restricted mostly to tropical coastal regions and 99 

mountainous regions of Tasmania (Neukom & Gergis, 2012), which presents a significant 100 

challenge for examining the influences of climate variability across most of mainland Australia. 101 

Long, continuously sampled sedimentary records can provide multi-decadal to millennial-scale 102 

paleoclimate reconstructions where annually resolved records are scarce. These sedimentary 103 

records present challenges in the form of variable time resolution and dating uncertainty, but 104 

these limitations can be acknowledged and incorporated into data syntheses and interpretations 105 

(Anchukaitis & Tierney, 2012; Tyler et al., 2015). The Australasian region has over 600 non-106 

annually resolved (lower resolution) sedimentary archives covering the late Holocene. These 107 

records were recently identified and systematically assessed for their suitability for inclusion in a 108 

regional, multi-centennial hydroclimate reconstruction, a process which identified 22 records, 109 

eight of which are in south-eastern Australia (Dixon et al., 2017a). The hydroclimate datasets 110 

identified by Dixon et al. (2017) represent a diverse suite of environments and measured proxies, 111 

each of which may subtly respond differently to climate. Geomorphological, geochemical, and 112 

ecological differences inherent in paleoclimate archives influence the preservation of climate 113 

signals (Battarbee, 2000; Fairchild et al., 2006; Fritz, 2008; Mason et al., 1994; Wigdahl et al., 114 

2014). However, identification of common signals across multiple sites offers the potential to 115 

identify broad climate-driven signals and overcome archive-specific idiosyncrasies. 116 
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Reconstructions from long, continuous sedimentary paleoclimate records provide a means for 117 

independently evaluating the integrity of multidecadal to centennial variability captured by 118 

annually and sub-annually resolved paleoclimate records in Australia. 119 

Empirical Orthogonal Function (EOF) analysis is a commonly applied technique in 120 

climate and paleoclimate research, having been successfully used to identify climate signals 121 

across data networks at differing temporal and spatial scales. EOFs have been used with tree ring 122 

reconstructions to identify and characterize common climate signals within regional compilations 123 

of annual chronologies (Buckley et al., 2000; Cook et al., 2000; Cook et al., 2006; Palmer et al., 124 

2015), as well as identifying common signals across multiple tree species (Andreu et al., 2007). 125 

Clark et al. (2007) and Shakun and Carlson (2010) employed EOF analysis with a global 126 

paleoclimate data network to investigate the spatial and temporal consistency of peak glacial 127 

conditions during the last glacial cycle. Anchukaitis and Tierney (2012) incorporated 128 

chronological uncertainty into an EOF approach using seven sedimentary records covering the 129 

late Holocene in southeastern Africa. Their research identified the dominant influence of the 130 

Indian Ocean over southeastern Africa during the Common Era (Tierney et al., 2013). Tyler et al. 131 

(2015) further explored the potential to apply multi-tiered ordination to identify common signals 132 

both within, and between, multivariate paleoclimate datasets. Common modes of variability 133 

between diatom assemblages in the sediments of four Australian lakes were inferred to reflect 134 

ecological change influenced by regional hydroclimate conditions. The timing and strength of 135 

response varied by lake basin, but there was a general pattern of increased moisture between 136 

approximately 500 and 200 yr BP. This study builds upon the approach taken by Tyler et al. 137 

(2015) by expanding the spatial coverage of records to a greater area of southeastern Australia, 138 

incorporating a diversity of archives, and assessing the efficacy of performing data reduction on 139 

multivariate sedimentary records. 140 

The aims of this paper are: i) to derive a new, more robust regional hydroclimate 141 

reconstruction for southeastern Australia based on multi-decadal paleoclimate records from a 142 

diverse collection of collection archives ii) to assess the efficacy of single- versus multi-tiered 143 

data reduction approaches for synthesizing southeastern Australian paleoclimate data; and iii) to 144 

critically compare the new reconstruction to existing multi-centennial regional and hemispheric 145 

paleoclimate records. A comparison between annually and non-annually resolved multi-146 
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centennial paleoclimate reconstructions may help to clarify the impact of resolution and archive 147 

type on the preservation of low-frequency climate signals. 148 

2 Methods 149 

2.1 Data 150 

 A recent study evaluated a comprehensive metadatabase of 675 Australasian paleoclimate 151 

records that span all or a portion of the last 2000 years. Twenty-two records were identified as 152 

meeting stringent criteria for suitability to investigate decadal to centennial climate variability 153 

during the Common Era (Dixon et al., 2017a). Those selection criteria were: i) the proxy must 154 

have an identified relation with one or more climate variables, as stated in a peer-reviewed 155 

publication; ii) the record must extend continuously for at least 500 out of the last 2000 years; iii) 156 

the record must have an age model based on at least two chronological anchors; iv) the record 157 

must have an average sample resolution between 2-50 years per sample; and v) the collection 158 

location must fall within the Australasian climate region (90°E - 140°W, 10°N - 80°S) (Gergis et 159 

al., 2016). These criteria were established by the International Geosphere-Biosphere Program’s 160 

Past Global Changes (PAGES) ‘Regional 2k’ initiative (PAGES2k Consortium; Dixon et al., 161 

2017).    162 

Eight of the records that met the selection criteria represent hydroclimate variability and 163 

are located within southeastern Australia (Dixon et al., 2017; Figure 1, Table 1). These records 164 

provide a unique opportunity to identify spatial and temporal patterns across a region for which 165 

multi-centennial paleoclimate records are scarce. All of the records are previously published and 166 

are archived at the NOAA paleoclimate archive (https://www.ncdc.noaa.gov/data-access/ 167 

paleoclimatology-data/datasets). The hydroclimate reconstructions mostly represent 168 

input/evaporation balance (I/E), where input may include direct precipitation, groundwater 169 

inflow, through-flow, and/or surface runoff.  170 
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 171 

Figure 1. The locations of existing southeastern Australian hydroclimate reconstructions, as 172 

identified by Dixon et al., 2017. The boundaries of Natural Resource Management (NRM) 173 

regions are shown with a maroon outline. 174 

Table 1. Metadata for southeastern Australian sedimentary hydroclimate records, including 175 

record name, state where record was collected (SA=South Australia, VIC=Victoria, 176 

TAS=Tasmania, NSW=New South Wales), latitude, longitude, elevation (meters above sea 177 

level), archive, measured proxies, climate variable as interpreted by the original authors 178 

(SST=sea surface temperature, I/E = Input/evaporation ratio), original reference, average record 179 

resolution, and data archive URL. 180 

Record 

Name 
State Latitude Longitude 

Elevation 

(m) 
Archive Proxy 

Interpreted 

Climate 

Variable 

Original 

Reference 

Average 

Temporal 

Resolution 

(years) 

Archive URL 

Murray 

Canyon 
SA -37.26 137.36 -2420 Foraminifera 

δ18O, 

ecological 

assemblage 

SST, ENSO 

activity 

Moros et al. 

(2009a); Moros et 

al. (2009b) 

40 
https://www.ncdc.noaa

.gov/paleo/study/26910 

Blue Lake SA -37.01 140.01 24 Diatom 

ecological 

assemblage, 

trace 

I/E, Temperature 
Gouramanis et al. 

(2010a, 2010b) 
45 

https://www.ncdc.noaa

.gov/paleo/study/22411 
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elements, 

δ18O, δ13C 

Lake 

Keilambete 
VIC -38.21 142.88 120 

Sediment; 

Ostracods 

grain size; 

geochemistry 
I/E 

Wilkins et al. 

(2013a); Wilkins 

et al. (2013b) 

50 
https://www.ncdc.noaa

.gov/paleo/study/22430 

Lake 

Surprise 

VIC -38.06 141.92 93 Diatoms 
ecological 

assemblage 
I/E 

Barr et al. (2014a); 

Barr et al. (2014b) 
4 

https://www.ncdc.noaa

.gov/paleo/study/22432 

Lake 

Elingamite 
VIC -38.35 143.00 121 Diatoms 

ecological 

assemblage 
I/E 

Barr et al. (2014a); 

Barr et al. (2014b) 
5 

https://www.ncdc.noaa

.gov/paleo/study/22432 

Rebecca 

Lagoon 
TAS -41.18 144.68 8 Sediment reflectance Precipitation 

Saunders et al. 

(2012a); Saunders 

et al. (2012b) 

12 
https://www.ncdc.noaa

.gov/paleo/study/22416 

Snowy 

Mountains 
NSW -36.46 148.30 1940 Dust 

concentration, 

trace elements 
Aridity 

Marx et al. 

(2011a); Marx et 

al. (2011b) 

16 
https://www.ncdc.noaa

.gov/paleo/study/22413 

Jacka Lake VIC -36.80 141.80 132 Ostracods 

geochemistry, 

ecological 

assemblage 

I/E, Wind 

strength 

Kemp et al. 

(2012a); Kemp et 

al. (2012b) 

40 
https://www.ncdc.noaa

.gov/paleo/study/22414 

2.2 Age modeling 181 

New age-depth models were created by Dixon et al. (2017) for each dataset using the 182 

Bayesian accumulation histories (‘BACON’) package in the ‘R’ platform (Blaauw & Christen, 183 

2011; RCoreTeam, 2015). A detailed methodology of age-depth model construction is presented 184 

by Dixon et al. (2017). Each of the 10,000 possible time series for each record ensemble was 185 

resampled at 50-year intervals (the maximum sample resolution included in this study) and 186 

restricted to the period between 1750CE and 950CE. The youngest age of this range, 1750 CE, 187 

was chosen to exclude the post-colonial period, known to contain non-climatic environmental 188 

disruption by European land use practices (Barr et al., 2014a; Gell et al., 2009; Gouramanis et 189 

al., 2010a). The earliest point of this range, 950 CE, is the earliest point in time covered by all 190 

eight records (Figure 2). 191 
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 192 

Figure 2. Time-uncertain time series for the hydroclimate sensitive proxies used in this study. 193 

The black line and grey shading represent the BACON-derived chronologies; the solid black line 194 

is the median timeseries, the dark grey shading represents the 1σ confidence interval, the pale 195 

grey shading represents the 2σ confidence interval; the orange line shows the original published 196 

timeseries. See table 1 for metadata for sites and proxies. 197 
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2.3 Site analysis 198 

Records from five of the eight southeastern Australia datasets are multivariate in nature 199 

(Figure 2), and the remaining three are single-variable records. Here we aim to identify shared 200 

climate signals across the suite of measured proxies. Subjective selection of a single proxy 201 

within a record may be complicated by doubt about which variable may be representative of the 202 

site response. For example, there are X variables at site Y, several of which are likely to be 203 

sensitive to hydroclimate. Inclusion of multiple variables from any individual site within a 204 

regional synthesis would contradict the assumption of independence of data reduction inputs. 205 

The application of data-reduction techniques such as principal component analysis provides an 206 

objective means of identifying coherent signals in multivariate paleoclimate records, which can 207 

then be assessed for their climate sensitivity and used in regional comparisons (Tierney et al., 208 

2013; Tyler et al., 2015).  209 

Principal component analysis (PCA) is the most common method of generating EOFs 210 

from paleoclimate data. However, PCA is a linear technique unsuitable for data which exhibit 211 

non-linear responses across environmental gradients, as is the case for many biological data for 212 

example (Legendre & Legendre, 2012; ter Braak & Juggins, 1993). As a consequence, diatom 213 

ecological assemblage data from Lake Surprise and Lake Elingamite were processed using 214 

Detrended Correspondence Analysis (DCA) (Hill & Gauch, 1980) to reduce the number of 215 

dimensions within the dataset, using the same approach as Tyler et al. (2015). Non-ecological 216 

data from Blue Lake, Murray Canyon, and Lake Keilambete were processed using PCA. Both 217 

methods were implemented using the ‘vegan’ package for R (Okansen et al., 2016; RCoreTeam, 218 

2015).  219 

2.4 Regional analysis 220 

The first two EOFs from each multivariate site and the standardized time series from the 221 

single-variable sites were incorporated into a common matrix to perform a regional-level, two-222 

tiered PCA analysis (MCEOFTT) to explore consistent patterns between all eight sites. Ten 223 

thousand iterations of PCA were performed incorporating age modeling uncertainties. The 1σ 224 

and 2σ confidence intervals were retained for error estimates. Between iterations, resultant EOFs 225 
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have the potential to reverse sign, and this was corrected by multiplying all inverted EOFs by -1 226 

(Anchukaitis & Tierney, 2012; Tyler et al., 2015). 227 

A single-tier regional PCA (MCEOFST) was also carried out with one dataset from each 228 

of the eight sites, to investigate whether reduction of multivariate datasets identified climate 229 

signals not captured by a single proxy. In this case, the proxy most likely to reflect hydroclimate 230 

variability was selected, following the interpretation in the original paper. Each dataset was 231 

standardized and resampled as described above. 232 

In order to examine whether one site had a dominating influence on the outcome of the 233 

regional data reduction, leave-one-out cross-validation was conducted within the regional 234 

MCEOFTT, with a different site excluded each time. The significance of the regional EOFs was 235 

tested through multiple methods: i) the Kaiser rule, which retains eigenvalues greater than 1 236 

(Kaiser, 1960); ii) the ‘broken stick’ model which identifies significant EOFs as those which 237 

explain more variance than randomly distributed zones within a sequence (Bennett, 1996; 238 

Cattell, 1966); and iii) the application of  ‘rule N’ test, which selects EOFs based on whether 239 

they explain more variance than an autoregressive red-noise null hypothesis (Anchukaitis & 240 

Tierney, 2012; Preisendorfer & Mobley, 1988). The red-noise null hypothesis was based on 241 

autoregressive models with parameters set to the sample mean, variance and lag-one 242 

autocorrelation of the regional MCEOF: the multivariate site EOFs and the time series from the 243 

single-proxy sites. The parameters from the resulting AR models were used to construct 1000 244 

time series with the same mean and standard deviation as the proxy data. 245 

For the purpose of comparing the regional EOFs to existing annually resolved 246 

paleoclimate reconstructions, annual records were divided into 50-year bins. Binned datasets 247 

were then compared to the EOFs using Pearson correlation coefficients. 248 

3 Results 249 

BACON age-depth models provide interpolated age uncertainties that are not always 250 

available in the original datasets (Figure 2). Detailed outcomes of the age modeling, as well as a 251 

general discussion of how they differ from the originally published chronologies, is described by 252 

Dixon et al. (2017). The PAGES2k selection criteria allowed for the inclusion of records with as 253 

few as two dates. A benefit of our method is that it accounts for increased age uncertainty in 254 



Confidential manuscript submitted to Paleoceanography and Paleoclimatology 

 

records with low age density. In particular, some of the re-modeled time series exhibit large 255 

uncertainties in part due to chronological uncertainties coupled with the occurrence of large 256 

excursions whose mean age falls outside the time period examined here, but which are 257 

occasionally incorporated through some age-model iterations. Furthermore, if the timing of these 258 

excursions is predicted to occur in a period of large age uncertainties, then the excursion may 259 

appear to last longer than in the original age-depth model. Examples of this include Blue Lake 260 

and Jacka Lake (Figure 2). Variability in the proxy values in the BACON re-modeled time series 261 

is also diminished due to the 50-year binning of the data. 262 

Two site-level EOFs were identified for Murray Canyon, Blue Lake, and Lake 263 

Keilambete. Outcomes of site-analysis significance tests are discussed in detail in the 264 

supplementary information. To maintain an equal number of EOFs from each multivariate site, 265 

two EOFs from each site were retained for inclusion in the regional PCA (Figure 3).  266 

 267 

Figure 3. The two leading EOFs resulting from Murray Canyon (PCA; 62% and 38% variance 268 

explained, respectively), Blue Lake (PCA; 55% and 45% variance explained, respectively), Lake 269 

Keilambete (PCA; 56% and 44% variance explained, respectively), Lake Surprise (DCA), and 270 

Lake Elingamite (DCA). Black lines indicate median time series, dark shading represents the 1σ 271 

confidence interval, and the pale shading represents the 2σ confidence interval. 272 
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The regional MCEOFTT returned two significant patterns of variability (Figure 4), as 273 

interpreted through the Kaiser rule and examination of the scree plot. However, the outcome of 274 

the ‘Rule N’ test suggests the first two MCEOFs are significant when compared to the broken 275 

stick plot but are not significantly indistinguishable from red noise (Figure 5). The 1σ and 2σ 276 

confidence intervals for regional MCEOF2TT do surpass the red-noise level. Leave-one-out 277 

bootstrapping indicates that no individual record has a dominant impact on the signal expressed 278 

by regional MCEOFs, or the total amount of variance explained by those MCEOFs 279 

(Supplementary Figure S2). Other than orientation changes in regional MCEOF2TT, the patterns 280 

exhibited by the regional MCEOFs remain consistent. When Lake Keilambete or Lake Surprise 281 

is excluded, the age uncertainties around regional MCEOF1TT are substantially larger, indicating 282 

the importance of these two records in the regional MCEOF analysis. 283 

 284 

 285 
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 286 

Figure 4. Time series of the two leading regional MCEOFs, resulting from PCA analysis of site-287 

level EOFs and single-proxy time series. Black lines indicate median time series, dark shading 288 

represents the 1σ confidence interval, and the pale shading represents the 2σ confidence interval. 289 
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 290 

Figure 5. Significance testing of the leading regional MCEOFs. The heavy black line represents 291 

the median regional MCEOF outcome, the solid black line and broken black line represent the 1σ 292 

and 2σ confidence intervals respectively, the blue line represents the ‘broken stick’ significance 293 

test (Bennett, 1996), and the red line represents the median background red noise Rule N 294 

significance test (Anchukaitis & Tierney, 2012). 295 

The pattern expressed by the regional MCEOFs is similar to those seen in the site-level 296 

EOFs. Regional MCEOF1TT reaches a minimum at 900CE, and then steadily increases towards a 297 

peak between 1750-1800CE. Regional MCEOF2TT displays a bimodal shape, with maxima 298 

between 850-1050CE and between 1400-1500CE. Loadings of median multivariate site EOFs 299 

and median single-proxy site time series are presented in Figure 6 and Supplementary Figure S3. 300 
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The first two regional MCEOFs collectively explain 48.1% of the variance in the regional 301 

synthesis: regional MCEOF1TT explains 27.9% and regional MCEOF2TT explains 20.2% of 302 

regional variance. 303 

 304 

Figure 6. The loadings of each site time series or site EOF on the regional MCEOF outcome 305 

(MCEOF1 = red, MCEOF2 = blue). 306 

The MCEOFST returns principal components somewhat similar to those derived by the 307 

two-tier approach. Variance explained is comparable to MCEOFTT: regional MCEOF1ST 308 

explains 30.4% of variance and regional MCEOF2ST explains 22.1% of variance.  However, the 309 

regional MCEOF1ST captures patterns seen in MCEOF 1 and 2 in the multi-tiered MCEOFTT, 310 

and regional MCEOF2ST appears flat and void of any distinct patterns and/or trends. Significance 311 

test outcomes for the MCEOFST indicate that neither MCEOF1ST nor MCEOF2ST are 312 

significantly distinguishable from red noise, nor do they pass the broken-stick test 313 

(Supplementary Figure S3). 314 
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4 Discussion 315 

4.1 Interpretation of site analyses 316 

 Each of the site-level EOFs are compared to raw datasets and the published proxy-317 

climate relationship for qualitative interpretation of hydroclimate change within the multivariate 318 

datasets. In the Murray Canyon core, two species of foraminifera were analysed by Moros et al. 319 

(2009a), each with a different ecological niche. For this reason, it is expected that there are 320 

different patterns of variability within the raw data. PCA is performed for this site because stable 321 

isotope values are expected to respond in a linear fashion to environmental changes. When the 322 

EOFs are compared to the raw time series, it appears that EOF 1 reflects local sea-surface 323 

temperature (SST) because of a perfect correlation (r=1.00) between Murray Canyon EOF 1 and 324 

Globigerinoides ruber δ18O. Murray Canyon EOF 1 correlated very strongly with Lake 325 

Keilambete EOF 1 (r=0.87) and Lake Surprise EOF 1 (r=-0.90), and moderately well with Lake 326 

Keilambete EOF 2 (r=-0.52) and Lake Elingamite EOF 2 (r=0.55).  327 

Murray Canyon EOF 2 appears to reflect a more regional to hemispheric signal, with a 328 

strong relationship between Globigerina bulloides and Murray Canyon EOF 2 (r= -0.78) as well 329 

as between Δ18O (Gs. ruber – Ga. bulloides) and Murray Canyon EOF 2 (r=0.58). Moros et al. 330 

(2009a) interpreted Ga. bulloides variability as indicative of El Niño Southern Oscillation 331 

(ENSO) activity, centred in the Pacific Ocean, as well as Southern Ocean behaviour during the 332 

late Holocene. Based on the published interpretation, it is argued that Murray Canyon EOF 2 is 333 

impacted by ENSO behaviour, westerly wind strength, and the intensity of water vapour 334 

transport. Murray Canyon EOF 2 displays relatively strong agreement with Blue Lake EOF 1 335 

(r=-0.51) and Lake Elingamite EOF 1 (r=0.66). The published interpretation of the Blue Lake 336 

record suggests high variability during the late Holocene but does not propose specific 337 

mechanisms. Both ENSO and the Southern Annular Mode (SAM) (the latter indicative of 338 

westerly wind strength) are known to impact on the position of the subtropical ridge (Cai et al., 339 

2011), which may lead to a blended signal in palaeoclimate records. Accordingly, Murray 340 

Canyon EOF 1 is interpreted as a local signal, while Murray Canyon EOF 2 preserves the larger 341 

regional-hemispheric signal.  342 
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 For the Blue Lake record, geochemical data (Mg/Ca ratios) and reconstructed salinity 343 

(mg/L) values were examined using PCA. Blue Lake EOF 1 has a strong relationship with the 344 

ostracod-derived salinity reconstruction (r=-0.88), while EOF 2 reflects the ostracod valve 345 

Mg/Ca ratios (r=0.92). This strong alignment may indicate that the Mg/Ca does not have a strict 346 

salinity/rainfall control and may also reflect the groundwater control on lake levels. 347 

Alternatively, the relationship between ostracod Mg/Ca and lake level seen in the instrumental 348 

period may not have remained stationary through time. When the Blue Lake EOFs are compared 349 

against the interpolated low-resolution δ18O time series (interpreted to reflect a blend of both I/E 350 

ratios and groundwater input to the lake), only moderate correlations are seen with EOF 1 351 

(correlation Blue Lake EOF 1~δ18O: r=-0.41, Blue Lake EOF2~δ18O: r=-0.01). This may be 352 

caused by differing response times between variables, resolution disparities, or complications by 353 

non-climatic controls. Moderate agreement is displayed between Blue Lake EOF 1 and Murray 354 

Canyon EOF 2 (r=-0.51), as well as between Lake Keilambete EOF 2, which is moderately 355 

correlated with Blue Lake EOF 2 (r=0.57). 356 

 The two hydroclimate-sensitive variables in the Lake Keilambete dataset contribute to 357 

both PCA EOFs. Grain size (sediment <63um), traditionally interpreted as a lake-level proxy, 358 

has a moderately strong relationship with both EOF 1 (r=-0.59) and EOF 2 (r=-0.63). Previous 359 

studies have suggested that the linear relationship between lake levels and I/E disintegrates 360 

during times of high lake levels, due to interaction with neighbouring water bodies (Jones et al., 361 

2001; Wilkins et al., 2013b). This has the potential to shift the proxy–climate relationship within 362 

the grain-size derived lake-level interpretations. Lamina occurrence, interpreted to have a 363 

positive relationship with temperature and precipitation, agrees well with both PC EOF 1 364 

(r=0.87) and EOF 2 (r=-0.70). Original author interpretations indicate a warm/wet period in Lake 365 

Keilambete around 950 CE (Wilkins et al., 2013b). Both Lake Keilambete EOF 1 and EOF 2 366 

exhibit a decrease around that time, which suggests a lack of independence between the two 367 

variables, despite a low correlation between the raw data (r=0.01). Lake Keilambete EOF 1 368 

correlates strongly with Lake Surprise EOF 1 (r=-0.91) and Murray Canyon EOF 1 (r=0.87), as 369 

well as Lake Elingamite EOF 2 (r=0.64), which was interpreted as a hydroclimate signal by 370 

Tyler et al. (2015). Lake Keilambete EOF 2 correlates strongly with Murray Canyon EOF 1 (r=-371 

0.52), Blue Lake EOF 2 (r=0.57), and Lake Surprise EOF 1 (r=0.52).  372 
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 The DCA performed by Tyler et al. (2015) for both Lake Surprise and Lake Elingamite 373 

was repeated with the BACON-derived age model instead of the CLAM age model used in that 374 

study. The selection of age modelling software has minimal impact on the timing of events, 375 

although the BACON age models produce larger age uncertainties. The outcomes from the DCA 376 

analysis performed here are nearly identical to the outcomes of Tyler et al. (2015), except for a 377 

reversal in sign for DCA EOF 1 for Lake Elingamite.  According to Tyler et al. (2015), Lake 378 

Elingamite EOF 1 represents shifts in lake depth, as suggested by variations in the dominance of 379 

shallow-water benthic/planktonic diatom species versus deep-water planktonic species. Lake 380 

Surprise EOF 1 and 2 do not have a clear relationship with the salinity reconstruction, but are 381 

controlled by the interplay of ecological niches within the diatom assemblage. Lake Surprise 382 

EOF 1 alternates between a positive and negative relation with salinity, depending on the state of 383 

Lake Surprise EOF 2. This suggests that there may be some connection with climatic conditions, 384 

but not as a dominant driver. 385 

4.2 Single vs. two-tier MCEOF analysis 386 

Previous work has demonstrated the possibility of identifying hydroclimate signals 387 

through multi-tiered data reduction techniques in Australian diatom records (Tyler et al., 2015). 388 

The present study expands the application of data ordination to analyse a greater diversity of 389 

both palaeoclimate archives and proxies measured within these archives. In an effort to assess 390 

the value of applying a multi-tier, rather than single-tier, data-reduction approach, a regional 391 

PCA of subjectively selected datasets has been carried out alongside. The single-tier regional 392 

MCEOFST returned lower loadings for all sites except Blue Lake and did not pass any of the 393 

significance tests (Supplementary Figure S3). This is likely caused by the fewer degrees of 394 

freedom present in the regional analysis, which decreases the likelihood of significant result, and 395 

is exacerbated by the large uncertainties in the chronologies. The multi-tier approach maintains a 396 

greater amount of variance with a larger number of degrees of freedom. The outcomes presented 397 

here suggest that the multi-tiered approach is more effective for identifying potential climate 398 

patterns that may not be dominant in a qualitatively selected proxy from a multivariate record. 399 

However, both MCEOFTT and MCEOFST exhibit similar patterns. 400 
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4.3. Interpretation of regional analysis 401 

The regional synthesis presented in this study identifies common signals among paleoclimate 402 

records across southeastern Australia and provides details of the underlying trends within the 403 

previously characterised ‘unstable’ Common Era (Gouramanis et al., 2013; Mooney, 1997; 404 

Stanley & De Deckker, 2002). Given that all contributing datasets have been screened for 405 

hydroclimate sensitivity, the regional MCEOFs are interpreted to represent patterns of 406 

hydroclimate variability. Good agreement between individual sites and regional MCEOFs is 407 

evidence for a coherent signal (Figures 3, 4). When the regional MCEOFs are oriented to match 408 

the interpretation of the original publications, MCEOF1TT indicates a wetting trend between 900 409 

CE and 1750 CE. Regional MCEOF2TT implies fluctuations between wet and dry conditions, 410 

with the wettest periods occurring between 850–950 CE, 1400–1500 CE and 1650–1750 CE 411 

(Figure 4). The variance explained by the first two regional MCEOFs (48.1%) is similar to the 412 

variance explained in similar studies (Anchukaitis and Tierney 2010 (52% ±10%), Tyler et al., 413 

2015 (48%)). However, the positioning of the regional MCEOF outcomes below the significance 414 

level for the rule-N significance tests suggests that non-climatic noise in such a diverse data 415 

network may partially obscure climate signals (Figure 5). 416 

Murray Canyon EOF1, Lake Keilambete EOF1, Lake Surprise EOF1, and Rebecca 417 

Lagoon, and Jacka Lake load most strongly onto regional MCEOF 1 (Figure 6). Murray Canyon 418 

EOF 1 is highly correlated with Δ18O (Gs.ruber – Ga. bulloides) values, which represent water-419 

column stratification as controlled by westerly wind strength (Moros et al., 2009a). Lake 420 

Keilambete EOF1 and Lake Keilambete EOF2 correlate well with grain size (<63μm) and 421 

laminae occurrence, which respond to precipitation and temperature/precipitation interactions 422 

respectively (Wilkins et al., 2013b). The interpretation of Lake Surprise EOF 1 is not clear, but is 423 

generally representative of the relative dominance of benthic versus planktonic diatoms, which in 424 

turn reflects lake volume changes due to precipitation/evaporation (Tyler et al., 2015). Rebecca 425 

Lagoon preserves a precipitation record controlled by westerly wind strength (Saunders et al., 426 

2012a); the Jacka Lake grain-size changes are also associated with precipitation and westerly 427 

wind strength (Kemp et al., 2012a). The latitude, proxies, and catchment size of these sites vary, 428 

but the influence of the westerly winds, as interpreted by the original authors, is consistent.  429 
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Murray Canyon EOF 2, Lake Elingamite EOF 1, and the Snowy Mountain core show strongest 430 

loadings onto regional MCEOF2 (Figure 6). The Snowy Mountain site is the most likely to have 431 

an appreciable Pacific Ocean influence, given its eastern position and observed influence of 432 

Pacific climate modes on Snowy Mountain precipitation (Risbey et al., 2009). Murray Canyon 433 

EOF2 is also likely influenced by westerly wind strength and possibly by ENSO-moderated 434 

regional water transport (Moros et al., 2009).  Regional MCEOF2 peaks at 850–950CE, 1400–435 

1500CE and 1650–1750CE. The timing of these peaks bears some resemblance to periods of 436 

increased rainfall in northeast New South Wales, as inferred by a relationship with Antarctic ice-437 

core proxies (Tozer et al., 2018; Tozer et al., 2016; T. Vance et al., 2015), and by centennial 438 

resolution or short-duration rainfall reconstructions across western and southern Australia 439 

(Cohen et al., 2012; Rouillard et al., 2016; Stanley & De Deckker, 2002; T. Vance et al., 2015). 440 

MCEOF2 suggests generally wetter conditions between 1400 and 1750 CE (Figure 4).  441 

One site stands out because of a lack of agreement with the regional patterns: Blue Lake 442 

at Mt. Gambier. The EOFs for this record exhibit very low correlation with either of the regional 443 

MCEOFs (Figure 6) and exclusion of this record has little impact on the regional MCEOFs 444 

(Supplementary Figure S2). Inclusion of the salinity reconstruction in the single-tier regional 445 

PCA returns a slightly higher site loading (-0.24), but the low agreement in both approaches 446 

suggests that either the chronological uncertainties inhibit precise correlation with the other 447 

records or that the salinity or geochemical variability at Blue Lake exhibits a lesser, or time-448 

lagged sensitivity relative to other sites in this synthesis. Blue Lake is heavily influenced by 449 

groundwater flow, and lake-groundwater interactions may explain this lack of coherence with the 450 

other records. Gouramanis et al. (2010a) suggest that groundwater influence at Blue Lake 451 

increases during times of lower precipitation, thus buffering the lake against dramatic shifts in 452 

salinity and muting potential climatic I/E signals. 453 

4.4 Drivers of hydroclimate variability in southeastern Australia during the Common Era 454 

 Previous studies have suggested that the Common Era was characterized by variable and 455 

unstable conditions across southeastern Australia, including effective moisture and temperature 456 

anomalies (Cook et al., 2000; Gouramanis et al., 2013; Stanley & De Deckker, 2002). ENSO 457 

variability is the most commonly cited driver for late Holocene instability (Bowler, 1981; Cobb 458 

et al., 2013; D'Costa et al., 1989; Kemp et al., 2012a; Saunders et al., 2012a). However, the role 459 
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of the westerly wind belt in driving precipitation trends over recent decades in southern Australia 460 

has been highlighted (Hendon et al., 2007; Risbey et al., 2009). Enhanced westerly wind strength 461 

and increased storminess since ~350 CE, punctuated by short periods of lessened activity, is 462 

indicated by aeolian quartz grain-size analysis at Blue Lake, New South Wales (Stanley & De 463 

Deckker, 2002). Increased westerly wind strength on the Australian continent most likely 464 

indicates a more negative SAM mean state. A negative trend in SAM between 1CE and 465 

~1480CE supports this interpretation, but SAM values have shifted rapidly toward positive 466 

values in the latter half of the last millennium (Abram et al., 2014; Dätwyler et al., 2017). Local 467 

sea-surface temperatures (SSTs) in the southern Pacific and Indian Oceans and in the Australian 468 

sector of the Southern Ocean declined during the late Holocene (Calvo et al., 2007; Gouramanis 469 

et al., 2013; Moros et al., 2009a), which could lead to decreases in effective moisture through 470 

suppressed marine evaporation. Terrestrial surface temperatures agree with a negative trend, but 471 

also allow for examination of higher-frequency variability: Cook et al., (2000) found reduced 472 

temperature variability between 100-1900 CE, and statistical reconstructions suggest a cooling 473 

trend between 1350 CE and ~1900 CE punctuated by MCA and LIA-like anomalies (Gergis et 474 

al., 2016). 475 

 Comparison of the outcome of this study with pre-existing palaeoclimate reconstructions 476 

allows for both the interpretation of the regional MCEOFs as well as investigation of the 477 

preservation of low frequencies in low-resolution palaeoclimate syntheses. The two regional 478 

MCEOFs show agreement with existing palaeoclimate reconstructions from both Australia and 479 

wider areas (Figure 7). Regional MCEOF1TT suggests an increase in effective moisture in 480 

southeastern Australia between 950 CE and 1750 CE, in agreement with the original 481 

interpretations of most of the contributing datasets (Barr, 2012; Saunders et al., 2012a; Wilkins 482 

et al., 2013b), as well as 19th century lake level highstands observed by early European colonists 483 

in the region (Jones et al., 1998; Tibby et al., 2018). When multi-millennial tree ring records in 484 

Tasmania and synthesized high-resolution tree ring, ice core, and coral records are compared to 485 

the outcomes of this synthesis, similar low-frequency trends are evident (Figure 7). However, the 486 

multidecadal signal in the higher resolution records is attenuated in comparison with the signal in 487 

the lower resolution archives. This supports the use of low-resolution records for capturing low 488 

frequency behavior that may be lost in the high-resolution records. 489 
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The effect of temperature on global hydroclimate variability represents one of the most 490 

important, yet poorly constrained aspects of future climate change (Berg et al., 2015; Rehfeld & 491 

Laepple, 2016). Warming (cooling) may have both positive and negative effects on land surface 492 

effective moisture. For example, warmer (cooler) sea-surface and near-surface temperatures 493 

encourage increased (decreased) convective evaporation and an increased (decreased) 494 

atmospheric water vapor capacity (Wentz & Schabel, 2000). Conversely, warm (cool) land 495 

surface temperatures lead to increased (decreased) surface evaporation, which impacts on local 496 

effective moisture. Warmer temperatures and low rainfall are often coupled, especially in the 497 

form of heatwave and drought conditions (Nicholls & Della-Marta, 2004). However, modelling 498 

experiments highlight the importance of atmosphere – soil connections, where sunny conditions 499 

with decreased cloud cover can lead to soil-moisture deficits, decreased evaporative cooling, and 500 

higher terrestrial surface temperature (Berg et al., 2015; Trenberth & Shea, 2005). 501 

4.4.1 Temperature 502 

In order to identify the potential impact of terrestrial surface temperature on hydroclimate 503 

variability in southeastern Australia, the regional MCEOFs were compared to temperature 504 

reconstructions from the Mt. Read tree-ring record, Tasmania (Cook et al., 2000; Cook et al., 505 

2006), and the Aus2k multi-proxy synthesis (Gergis et al., 2016). The Mount Read tree-ring 506 

record from Tasmania reconstructs warm season (November – April) temperature from Huon 507 

pine for the period between 1600 BCE and 2001 CE (Cook et al., 2000; Cook et al., 2006). The 508 

warmest period in Tasmania before the onset of the industrial period occurred between 900–1500 509 

CE, which agrees with a period of increasing effective moisture in regional MCEOF1 (Figure 7). 510 

However, rather than a distinct LIA temperature anomaly, the period between 1500–1900 CE 511 

was characterized by muted multi-decadal variability at Mt. Read (Cook et al., 2000; Cook et al., 512 

2006). Multiple reconstruction techniques applied to the Aus2k network of temperature proxies 513 

by Gergis et al. (2016) supported an extended LIA-like cool period between ~1500 – 1900 CE. 514 

The same reconstruction suggested that the warmest pre-industrial period occurred between 515 

1150–1350 CE, which also corresponds with the period of lowest effective moisture according to 516 

regional MCEOF1 (Figure 7). When Aus2k temperature anomalies were binned to 50-year 517 

intervals and compared to regional MCEOF1TT, the principal regression analysis, ‘composite 518 

plus scale’, and pairwise comparison method approaches showed the strongest agreement (r = -519 



Confidential manuscript submitted to Paleoceanography and Paleoclimatology 

 

0.35; -0.36; 0.32), and the Bayesian hierarchical model showed weaker correlation (r = -0.20), 520 

despite the low number of overlapping bins (n=17). This agreement between regional 521 

MCEOF1TT and the Aus2k temperature record suggests that terrestrial surface temperatures have 522 

a negative relationship with regional effective moisture. Warmer air temperatures correspond 523 

with increased evaporation from the land surface and lower I/E ratios, while lower air 524 

temperatures dampen site-level evaporation and increased I/E ratios, noting that this summary 525 

does not include land-surface feedbacks or the effect of changes to variability.  526 

4.4.2 Ocean-atmosphere interactions 527 

On longer time scales, the Tasmanian tree ring-derived surface-temperature 528 

reconstruction has a positive correlation with sea-surface temperatures in the southern Indian 529 

Ocean and Tasman Sea (Cook et al., 2006). Alkenone-derived local SSTs in the Great Australian 530 

Bight suggest cooling over the last 2000 years caused decreased heat export from the Indo-531 

Pacific Warm Pool, punctuated by warmer anomalies during the Medieval Climate Anomaly 532 

(650 CE – 950 CE) (Perner et al., 2018). This agrees with the Mount Read temperature 533 

reconstruction (Figure 7) and supports the hypothesis that cool conditions occurred across the 534 

region during the LIA. Cool SSTs would suppress the potential for evaporation over the oceans 535 

and decrease the potential moisture capacity of the lower atmosphere (Wentz & Schabel, 2000). 536 

A concurrent increase in effective moisture could be driven by suppressed evaporation driven by 537 

cooler temperatures in summer, and/or a shift towards increased winter precipitation in southern 538 

Australia. Reconstructions of cool versus warm season rainfall in two sub-regions of 539 

southeastern Australia (the Murray Darling Basin and the Southern Slopes (Figure 1 by (Freund 540 

et al., 2017) allow for the examination of seasonal shifts. Winter rainfall in the Murray Darling 541 

Basin was higher during the LIA than in recent centuries (Figure 7). This suggests that increased 542 

effective moisture displayed by MCEOF1 during the LIA is caused by increased winter rainfall, 543 

which is less likely to be evaporated.  544 
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Figure 7. Comparison of (a.) regional EOF1 and (b.) regional EOF2 with Australasian 546 

paleoclimate reconstructions: (c.) the Mount Read tree ring-derived temperature reconstruction 547 

(Cook et al., 2000; Cook et al., 2006); (d.) the Aus2k temperature reconstructions (Gergis et al., 548 

2016); warm (orange) and cool (green) season rainfall reconstructions for (e.) the Murray 549 

Darling Basin and (f.) the southern slopes of Victoria (Freund et al., 2017), (g.) the Williams 550 

River catchment rainfall reconstruction (Tozer et al., 2016);  (h.) SAM reconstruction from 551 

Antarctic proxy records (Abram et al., 2014). 552 

Negative SAM conditions between 1400–1600 CE has been suggested by independent 553 

reconstructions (Abram et al., 2014; Dätwyler et al., 2017)(Figure 7), and would likely increase 554 

winter rainfall in southern Australia (Power et al., 2006; Risbey et al., 2009). A transition into an 555 

El Niño mean state/negative SAM pairing at ~1300 CE has been suggested by Goodwin et al. 556 

(2013). Paired negative SAM/El Niño conditions would support an equatorward displacement 557 

and overall strengthening of the subtropical ridge (Cai et al., 2011; Drosdowsky, 2005), which 558 

reinforces a dominant Southern Ocean influence over southeastern Australia in the period 559 

between 1400–1600 CE. Strongly negative values of the SAM index during the LIA support 560 

increased winter precipitation at these sites, and highlight the importance of the strength and 561 

position of the westerly wind belt for controlling effective moisture in southern Australia during 562 

the last 1200 years. 563 

5 Conclusions 564 

Non-annually resolved records of past climate change offer significant potential for 565 

deciphering patterns of regional climate variability through the Common Era; however, their 566 

utility is often undermined by poor, or inconsistent, chronological control and resolution. Some 567 

of these limitations can be addressed by applying a consistent age modelling methodology and 568 

accounting for age uncertainties when incorporating paleoclimate data into regional syntheses, in 569 

particular using Monte Carlo Empirical Orthogonal Function (MCEOF) analysis (Anchukaitis & 570 

Tierney, 2012; Tyler et al., 2015). This study applied a multi-tiered MCEOF to a diversity of 571 

paleoclimate archives and proxies from southeastern Australia in order to examine common 572 

trends in records. Regional MCEOFs identify common patterns of variability within and between 573 

sites (n=8) in southeastern Australia. The results of this study support previous findings of a 574 

variable hydroclimate during the Common Era; however, an overarching increase in effective 575 
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moisture between 800 CE and 1700 CE is the dominant pattern of variability in the majority of 576 

southeastern Australian records. The significance of the regional modes varies between 577 

significance testing techniques, and problems persist due to generally poor constraints on 578 

sediment age and sampling resolution, despite the application of internationally accepted data 579 

selection criteria. Further efforts are required to address the need for more, higher quality records 580 

of hydroclimate variability across Australia. However, the change in effective moisture identified 581 

by regional MCEOF analysis is robust beyond the age uncertainties and represents a tangible 582 

pattern of variability in southeastern Australia that can be tested in future research. 583 

Together, the regional MCEOFs support a wet, cool Little Ice Age in southeastern 584 

Australia relative to average conditions during the last 1200 years. Although cooler summer 585 

land-surface temperatures may explain some of this pattern, changes in the seasonality of rainfall 586 

driven by atmospheric circulation changes and Southern Ocean versus Pacific Ocean based 587 

climate modes may be a factor behind this trend. The regional MCEOFs display similar low-588 

frequency trends to those shown in temperature and rainfall reconstructions from remote tree 589 

ring, coral, and ice core data. This suggests that continuous, multi-decadally resolved records 590 

retain similar signals to annually resolved data when records are compared at a common time 591 

scale. Overall, this study demonstrates that multi-tiered EOFs are a useful way to synthesize 592 

multivariate and single proxy sedimentary datasets in a data-sparse region. Future efforts will 593 

continue to understand, model, and calibrate proxy records for use in quantitative climate 594 

reconstructions. 595 
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