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Abstract Occurrence of drought and dry periods in

southeastern Australia has been linked to broad scale cli-

mate phenomena including the Southern Oscillation,

Interdecadal Pacific Oscillation (IPO), Indian Ocean

Dipole (IOD), Southern Annular Mode (SAM) and per-

sistence of blocking high pressure in the Tasman Sea. We

examine relationships between Athrotaxis tree ring chro-

nologies from southern Australia extending over much of

the past millennia and these broad scale indices. We also

examine relationships between the chronologies, tempera-

ture, precipitation and a standardised precipitation and

evapotranspiration index. Timing of significant correlations

with maximum temperature varies between species. The

responses of the species with broadscale indices vary with

location: northern Athrotaxis cupressoides (Pencil Pine) are

more strongly related to the Interdecadal Pacific Oscillation

(IPO) and Southern Oscillation Index (SOI) than southern

sites. As an exception to this, a site in the far south had

significant correlations with both the SOI and IPO, oppo-

site in sign to those observed for the northern sites. Sig-

nificant spectral power at frequencies consistent with the

SOI and IPO occur in all chronologies. Western and

southern sites are more strongly related to a seasonalised

index of SAM. These three systems have played important

roles in determining moisture conditions in southeastern

Australia over the past millennium. Results suggest that

reconstructions of the SOI, IPO or SAM are unlikely based

solely on this Athrotaxis network. The Athrotaxis network

of tree ring sites, is however, likely to be an important input

to multi-proxy models reconstructing the SOI, IPO or SAM

in the Australian sector. The Athrotaxis network of sites is

also an important extension of the existing network of

Australian tree ring sites that could be used to reconstruct

historical drought in southeastern Australia.
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1 Introduction

Globally, drought has been a perennial human concern and

is one of the most environmentally, socially and economi-

cally expensive natural disasters (Kentayash and Dracup

2002). It has been implicated as a reason for the aban-

donment of large areas (Stahle et al. 2009) and recorded in

the folklore of different civilisations (Therrell et al. 2004).

In more recent times, considerable research effort has

focussed predicting drought and mapping and identifying

historical droughts across large regions (e.g. Cook and

Krusic 2004; Cook et al. 2007; Stahle et al. 2007;

Herweijer et al. 2007; Cook et al. 2010). To do this

effectively, however, requires a robust understanding of the
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causes of major droughts. Meehl and Hu (2006) and Seager

et al. (2007) have indicated that the multi-decade North

American Medieval droughts were linked, via sea surface

temperature (SST) anomalies in the tropical Pacific, to

climate anomalies elsewhere. Similarly, modern North

American droughts and south Asian droughts have been

linked to wet conditions in the African Sahel, southern

Africa, northern South America, Europe, the Middle East

and central Asia (Meehl and Hu 2006 and Seager et al.

2007).

Australia is well known as the driest inhabited continent

on earth, and drought has been a key element of its envi-

ronment for millennia. Like North America, Africa, Asia

and Europe, Australia’s climate is affected by anomalies in

the tropical Pacific (e.g. McBride and Nicholls 1983;

Power et al. 1999; Murphy and Timbal 2008; Risbey et al.

2009). It is also affected by variability in the Indian and

Southern Oceans. These three ocean basins interact to drive

local and regional climate variability across a range of

temporal scales. Studies of historical Australian drought

are therefore of global interest and relevance. In the past

120 years, four major droughts have afflicted Australia: the

‘Federation drought’ (c. 1895–1902), World War II

(c. 1937–1945), and 1982/1983 droughts, and most

recently, the ‘Big Dry’, which started in the mid 1990s

(Verdon-Kidd and Kiem 2009) and may have ended in

2010. These droughts have all had major impacts on the

agricultural sector and the first three approximately parallel

three major cool-season droughts in the southwestern

United States (Stahle et al. 2009). Relatively little is known

about the frequency and severity of droughts prior to

European settlement. As Seager et al. (2007) indicate,

medieval droughts in the United States were much more

severe than those experienced in more modern times. If

indeed there are Australian precedents for more severe

droughts in medieval times, then the drought-related socio-

economic impacts since European settlement may be rel-

atively minor. Australia’s major twentieth century droughts

have been linked to various broadscale systems affecting

Australia’s climate, including the Southern Oscillation

Index (SOI), the Interdecadal Pacific oscillation (IPO),

Indian Ocean Dipole (IOD) and the Southern Annular

Mode (SAM). We give a brief overview of these systems

and their impacts on southeastern Australia, and, particu-

larly, Tasmania.

The El-Niño-Southern Oscillation (ENSO) has a sig-

nificant impact on the climate of southeastern Australia

(McBride and Nicholls 1983; Nicholls 1989; Pezza et al.

2008). The Troup Index defines the SOI as the normalised

pressure difference between Tahiti and Darwin (McBride

and Nicholls 1983). The strongest influence of the SOI on

Australian rainfall occurs in winter and spring (Murphy and

Timbal 2008). For Tasmania, a La Niña event results in

greater than average rainfall across the state while in an El

Niño year, rainfall is below average, especially in the north

(Hill et al. 2009). The SOI is the dominant driver of rainfall

in eastern Tasmania in winter and in northern Tasmania

during autumn (Grose et al. 2010).

The Interdecadal Pacific Oscillation (IPO) is the Pacific-

wide manifestation of the Pacific Decadal Oscillation

(PDO) (Folland et al. 2002), long-lived El-Niño like pat-

terns in the Pacific Ocean (Mantua and Hare 2002). While

the positive phase of the IPO is associated with anoma-

lously dry conditions in southeastern Australia (Mantua

and Hare 2002), the negative phase is associated with

higher rainfall over southeastern Australia, including

eastern Tasmania (Power et al. 1999). Kiem and Verdon-

Kidd (2009a) have commented on the modulation of

streamflow in southeastern Australia by the IPO and others

comment on the IPO’s influence on Australian climate (e.g.

Power et al. 1999; Power et al. 2006; Meehl and Hu 2006;

Pezza et al. 2007). Low frequency periodicities of 15–25

and 50–70 years have been found in the IPO (Mantua and

Hare 2002).

The Indian Ocean Dipole (IOD) reflects differences in

the sea surface temperatures in the east and west Indian

Oceans (Saji et al. 1999), and its influence on Australian

rainfall generally occurs from May to November, but peaks

in Spring (Risbey et al. 2009). Negative IOD is associated

with increased rainfall in southeastern Australia (Um-

menhofer et al. 2009; Risbey et al. 2009). Ummenhofer

et al. (2009) argued that a positive phase of the Indian

Ocean Dipole (IOD) occurred for all three of Australia’s

major twentieth century droughts.

The Southern Annular Mode (SAM) (Hendon et al.

2007) reflects changes in storminess and winds in the

Southern Hemisphere mid-latitudes related to north/south

shifts in mass between 30� and 60� latitude (Thompson and

Wallace 2000; Risbey et al. 2009). During the high phase

of SAM, associated with greater meridional flow and a

southward contraction of the westerly wind belt, winter

rainfall decreases significantly across southwestern and

southeastern Australia (Hendon et al. 2007; Meneghini

et al. 2007), although summer rainfall in the southeast

increases (Hendon et al. 2007). Grose et al. (2010) indi-

cated that SAM is the most important climate driver for

western and southwestern Tasmania in spring, although its

asymmetric influence on rainfall in all seasons is important

(Meneghini et al. 2007; Risbey et al. 2009). SAM has been

found to explain up to 15% of the variation in weekly

rainfall in southeastern and southwestern Australia (Hen-

don et al. 2007), which is comparable to the proportion of

variation explained by ENSO for the same season (Kiem

and Verdon-Kidd 2009b). Verdon-Kidd and Kiem (2009)

argued that SAM was the most important causal factor of

the recent ‘Big Dry’, blocking La Niña rains over this
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period. There is a statistically significant positive trend in

SAM, particularly in the summer and autumn months that

has attracted a lot of interest in recent years (Jones et al.

2009a).

Blocking highs and cut-off lows (Pook 1992; Pook et al.

2006) are associated with the hemispheric longwave pat-

tern (Risbey et al. 2009) and have important impacts on

rainfall in southeastern Australia’s food production areas

(Pook et al. 2006). In northwestern Victoria, about 50% of

the variance in growing season rainfall has been attributed

to cut-off lows (Pook et al. 2006). Typically, the blocking

component of the system results in decreased rainfall in the

west and southwestern Tasmania while the cyclonic por-

tion of the system to the north results in rainfall in the east

(Pook et al. 2010). The greatest influence of blocking on

Tasmania is between April and October during which the

cyclonic portion of the system produces a greater amount

of rainfall in the northeast of the state than frontal systems

(Pook et al. 2010).

The systems listed above are not independent. The IPO

is known to modulate the impacts of ENSO (Newman et al.

2003) and Risbey et al. (2009) show that the correlations

between Australian rainfall and the SOI are stronger for

1890–1918 and 1977–2005 compared to 1919–1976 per-

iod. In the limiting case of a linear relationship between the

IPO and ENSO, a negative phase of the IPO enhances La

Niña conditions, whereas a positive IPO phase weakens La

Niña conditions (Power et al. 2006). These interactions are

also important in attributing the causes of drought. Verdon-

Kidd and Kiem (2009) have suggested that the Federation

Drought was most likely related to enhanced ENSO

activity at a time when the IPO was positive. This finding

contrasts with Ummenhofer et al. (2009) who suggested the

IOD played a dominant role in this and other twentieth

century droughts. Links between large-scale systems such

as the IPO and SAM have previously been described by

Pezza et al. (2007) for summer and late winter. By exami-

ning the spatial extent of the World War II drought, Ver-

don-Kidd and Kiem (2009) suggested it was most likely

linked to the Indian Ocean but was also influenced by a

positive phase of the SAM and a positive IPO. Murphy and

Timbal (2008) and Risbey et al. (2009) have noted the link

between rain from cut-off low pressure systems and ENSO,

and Risbey et al. (2009) point to debate over the inde-

pendence or lack thereof between the IOD and ENSO.

Risbey et al. (2009) have found that once the influence of

ENSO is removed, the main area of Tasmania affected by

the IOD is the north. Risbey et al. (2009) also show that the

combined effect of a positive IOD and El Niño event is low

rainfall in eastern Australia, including eastern and southern

Tasmania. Conversely, in a La Niña year in which the IOD

is negative, all of Tasmania experiences above average

rainfall (see Fig. 7; Risbey et al. 2009). There is a

significant summer season correlation between ENSO and

SAM (Hendon et al. 2007) and the impact of the IOD is

also tempered by SAM’s phase (Verdon-Kidd and Kiem

2009). To further complicate matters, relationships

between these climate systems are not linear; Nicholls et al.

(1996) and Risbey et al. (2009) described a relationship

between the SOI and Australian climate that varies over

time while MacDonald and Case (2005), amongst others,

have discussed the waxing and waning of Pacific Ocean

variability over the past 1,000 years.

Long proxy climate records are particularly important

for disentangling the relative importance, and role, of the

individual influences of the ENSO, IPO, SAM, and the

IOD. This is of particular interest in a region such as

southeastern Australia where inter-annual variability in

rainfall is high and where rainfall has decreased signifi-

cantly over the past decade (Pezza et al. 2008). While

numerous studies have examined the observational records

(e.g. Alexander et al. 2007; Hill et al. 2009; Risbey et al.

2009; Grose et al. 2010), these records are of limited

length. There are few observational records before 1900 in

most regions of Australia, and even fewer of these are

classed as high quality (see Lavery et al. 1997; Torok and

Nicholls 1996). This means that predictive models are

typically calibrated against observational records that are

relatively short (i.e., \50–100 years), and the capacity to

calibrate low-frequency variability (i.e., [30 years) in

atmospheric circulation models is limited. The lack of long

instrumental records in the Australian region also hampers

accurate interpretation of the extreme nature (or otherwise)

of changes currently being observed in the climate system

and, therefore, their likely social and economic impacts.

In addition, the lack of high-resolution Australian palaeo-

climate records limits Australian drought reconstruction

efforts. In southeastern Australia, the main source of high-

resolution proxy records is tree-rings. Tree-rings have pro-

vided high quality records of terrestrial climate variability

across the globe (e.g. Kelly et al. 2002; Briffa et al. 2008;

Jones et al. 2009b; Cook et al. 2010). The longest tree-ring

records in Australia are from Tasmania. Several records

developed from Lagarostrobos franklinii (Huon Pine)

exceed 1,000 years in length (Cook et al. 1992, 1995a, 1996,

2000, 2006; Buckley et al. 1997; D’Arrigo et al. 2000). The

Mt. Read chronology has provided key insights into historic

variability in sea level pressure, ocean dynamics and regio-

nal climate teleconnections (Cook et al. 1992, 2000, 2006).

To date, however, none of the records from Tasmania have

been explicitly examined for their potential value in drought

reconstructions for Australia, or as inputs to larger-scale

drought modelling-projects. Nor have the relationships

between tree-ring records from southeast Australia and

broad-scale climate systems such as ENSO, the IOD, IPO or

SAM, been thoroughly investigated.
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The ability to compare and complement the Mt Read

reconstruction with reconstructions from other parts of the

state would provide a greater depth of information about

past climate variability in southeastern Australia than is

currently available. In contrast to Huon Pine, the distribu-

tions of the three endemic Athrotaxis spp. (A. cupressoides,

A. selaginoides and A. laxifolia) extend eastward toward

the drier part of the state (Harris and Kitchener 2005) that

is more influenced by the SOI and IPO. This is important

even in a small island like Tasmania because the relative

importance influence of the different climate drivers differs

geographically and seasonally. A number of the early

Australian dendrochronological surveys recognised the

potential of Athrotaxis spp. for dendroclimatology (e.g.,

Ogden 1978a, b; LaMarche et al. 1979; Campbell 1982;

LaMarche and Pittock 1982), but until now the fragmentary

collection of Athrotaxis tree ring records have not been

compiled and synthesised. Athrotaxis species are distrib-

uted across parts of south, west and central Tasmania and

some individuals live to 1,000 years or more (Ogden

1978a). While the distributions of the species overlap,

ecological differentiation leads to some separation at cli-

matic extremes (Fig. 1; Ogden 1978b). For example,

A. cupressoides (Pencil Pine) exhibits a higher frost toler-

ance than A. selaginoides (King Billy Pine) and is found at

high elevations where fire-frequency is generally low,

although it appears to survive low-intensity fires (pers.

obs., multiple sites). Large King Billy Pine trees (C1 m

dbh) occur at lower elevations (c. 600–800 m asl); at tree-

line it is found in krummholz form. Preliminary work

suggested that radial growth of King Billy Pine and Pencil

Pine in montane areas is sensitive to summer temperatures

(Dunwiddie and LaMarche 1980; LaMarche and Pittock

1982). Read and Busby (1990), however, used BIOCLIM

modelling and found the distribution of King Billy Pine to

be sensitive to low summer precipitation, especially in the

driest month. This result is not necessarily inconsistent

with LaMarche and Pittock’s (1982) finding because the

relationship between temperature and precipitation is

generally negative across much of southeastern Australia

(Alexander et al. 2007). The occurrence of Athrotaxis spp.

across a wide range of climatic conditions, their recorded

sensitivity to various climatic conditions, and their lon-

gevity, make Athrotaxis spp. ideal for examining long-term

climate variability in southeastern Australia and, in par-

ticular, the potential to better understand and reconstruct

historical drought variability.

When modelling or reconstructing drought, the defini-

tion of drought is important because the reconstruction can

only relate to the defined drought index. Three types of

drought are commonly recognised: meteorological,

hydrological, and agricultural, and these are embodied in

various drought indices. Agricultural drought is defined as

a deficit of available water for plant growth. Hydrological

drought relates to inadequate levels in water storage

facilities or in groundwater heights (Kentayash and Dracup

2002). Meteorological drought can be defined as a deficit of

precipitation (Kentayash and Dracup 2002). Tree-ring

drought reconstructions typically focus on meteorological

drought, as defined through the Palmer Drought Severity

Index (PDSI) (e.g. see Cook et al. 2007; Stahle et al. 2007;

Herweijer et al. 2007; D’Arrigo et al. 2008; Cook et al.

2010). The PDSI measures the ‘cumulative departure of

moisture supply’ from the long-term mean (Palmer 1965)

using temperature and precipitation as inputs.

Our goal in this study was to assess the potential of

sympatric Athrotaxis species to reconstruct patterns of

climate variability associated with drought in southeastern

Australia. We used a network of high-quality, replicated

Athrotaxis tree-ring chronologies from Tasmania to address

the following specific questions:

1. Do the ring widths in trees at different sites show

sensitivity to temperature and precipitation? (‘Primary

variables’)

2. Do the chronologies exhibit lower frequency patterns

related to broader scale climate indices such as SAM,

ENSO, the IOD and the IPO? (‘Secondary variables’)

3. Are tree-ring chronologies from these sites likely to be

useful for reconstructing Australian droughts?

2 Materials and methods

2.1 Tree ring chronologies

We developed Athrotaxis chronologies from seven study

sites along the central axis of Tasmania. The locations of

the study sites are shown in Fig. 1 and details relating to

ecological community types, altitudes and site abbrevia-

tions presented in Table 1. The chronologies were devel-

oped from material collected over the past 30 years by the

authors and others. Samples from one of the Walls of

Jerusalem subsites were collected by Ogden in the 1970s

with some more recent samples collected from wind-blown

trees by Allen in 2005; samples from Mt Field (MFIELD),

Pine Lake (PNL) and Cradle Mt. (CMT) were collected by

LaMarche, Ogden and others in the 1970s and raw mea-

surements for all these individual samples were down-

loaded from ITRDB (International Tree Ring Data Bank

(http://www.ncdc.noaa.gov/paleo/treering.html)). Addi-

tional samples from MFIELD were obtained by Allen in

2009 and Mickey Creek (MCP) samples were collected by

Buckley and Cook in 1991. Samples from The Walls

of Jerusalem (Walls, 2 subsites—see Table 1), Lake

MacKenzie (MACK) and Lake Riveaux (RIV) were

1802 K. J. Allen et al.: The potential to reconstruct broadscale climate indices
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collected by Allen between 2000 and 2005. Many samples

from MACK and Walls were collected to date archaeo-

logical remains of the Pencil Pine huts of mid-nineteenth

century shepherds in the area (Cubit et al. 2008.). Samples

from live trees were obtained from MACK in 2008 for the

purpose of climate-related work. Samples from MNL were

collected by Allen in 2009. Usually, between two and four

core samples were collected from each tree sampled.

Samples were processed using standard dendrochrono-

logical protocols (Stokes and Smiley 1968). Samples from

the same tree were visually cross-dated and then compared

with samples from other trees at the same site. While cross-

dating at most sites was very good, RIV samples were

relatively difficult to cross-date, resulting in a larger sam-

ple rejection rate at this site (cf. Ogden 1978a). After visual

cross-dating, samples were measured using a VELMEX

measuring stage and digital linear encoder attached to a

computer. All dating was checked using COFECHA

(Holmes 1994), including the LaMarche et al. samples

downloaded from the ITRDB. Dating errors found in the

LaMarche sites were addressed by deleting segments of the

samples concerned or entire samples where necessary,

since the original tree cores were not available for visual

inspection. Samples from the Pine Lake and Mickey Creek

sites, located in close proximity to one another, cross-dated

extremely well, and were combined to improve chronology

sample depth. Short time series of less than 150 years in

length were excluded from final chronologies because it is

not appropriate to use short series in chronologies to be

examined for low frequency variation (see Cook et al.

1995b).

Site-level chronologies were developed from the cross-

dated samples using program ARSTAN (Cook 1985). A

single detrending based on a data-adaptive power trans-

formation and the Friedman super-smoother (Friedman

1984) was used. The Friedman super-smoother uses local

smoothing over a variable span (selected by user). A con-

servative 250-year cubic smoothing spline was used to

stabilise the variance. Stationary index series for each site

were produced using the residuals calculated as differences

between the raw ring width values and their expected

value. Two types of chronologies have been used in the

analyses presented here. Residual chronologies have been

autoregressively modelled while ‘‘arstan’’ chronologies

have had the common modelled autoregression reincorpo-

rated into them.

2.2 Spatial and temporal characteristics

of chronologies

A varimax rotated PCA was conducted over the common

period shared by six of the seven chronologies (1711–1991:

MNL the shortest chronology has sample depth [5 only

after 1711, PNLMCP ends in 1991) to determine if there

Fig. 1 Athrotaxis site

locations. Tasmania lies

between approximately 41 and

43�S and 145 and 147�E.

Contours at 500 m intervals

provide a general indication of

Tasmania’s topography.

Approximate distance between

the easternmost (PNLMCP) and

westernmost of the northern

sites (CMT) is 55 km. The

approximate distance between

MACK in the north and MNL in

the far south is 190 km
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were any groupings of chronologies with respect to species,

location or elevation. RIV, which ended in 1938, was

excluded form the PCA.

Wavelet spectra identify the manner in which different

frequency components within time series vary over time

(see Torrence and Compo 1998). To examine the frequency

spectra of our chronologies over time, we used the

facility available at http://www.ion.researchsystems.com/

IONScript/wavelet/. We used the non-orthogonal Morlet

wavelet base with six parameters and a width of 0.25. A

red-noise background was used when calculating the power

spectrum and 90% significance levels calculated.

2.3 Climate data

Two types of climate records were used for comparison

with ring width data. The first, which we refer to as ‘pri-

mary climate data’, consists of temperature (maximum and

minimum) and precipitation data. These data come from

the Australian Water Availability Project (AWAP) that

combines in situ Bureau of Meteorology (BOM) station

data and information from models (Rapauch 2009). The

AWAP data is a robust high quality data set available on a

0.05 degree grid across Australia (Jones et al. 2009c) and

can be found at www.bom.gov.au/climate. The most

problematic parts of the data set are related to areas with

sparse station coverage such as southwest Tasmania (Jones

et al. 2009c). The characteristics of the AWAP data are

very similar to its predecessor, SILO (Beesley et al. 2009).

Although Risbey et al.’s (2009) study (discussed in the

Introduction) used SILO data, analyses repeated with

AWAP data produced extremely results (J. Risbey, CSIRO,

pers. comm.). AWAP data extend back to 1910 and have

been shown to be consistent with observational records

(pers. com. M. Grose, University of Tasmania) (see Jones

et al. 2009c). Plots of the 11-year moving average of sea-

sonalised maximum and minimum temperature, and pre-

cipitation for all grid squares used in this study are shown

in Fig. 2. The most striking feature of the plots is the

general similarity in trends in most cases. There is greater

variability in the data for southern sites and it is possible

that this reflects the lack of metrological stations. Alter-

natively, it may reflect the complex topography of the

region. A generally upward trend in maximum tempera-

tures since about 1960 is apparent for all grid squares in

summer–winter and there is a noticeable upward trend in

winter minimum temperatures. The most obvious change

in precipitation has been the decline in autumn mean and

variability since about 1980. Increased spring precipitation

since about 1960 for several sites is also apparent. The

means and standard deviations of temperature and precipi-

tation for the data of all grid squares used in this study are

shown in Table 2. There is considerable year to year vari-

ability in precipitation for all sites and seasons.

The second type of data, which we refer to as ‘secondary

climate variables’, is derived from observational records.

Table 1 Site and chronology characteristics

Site and location Abbreviation Elevation

(m ASL)

Community type N (T) N (S) MSx ASL EPS Chronology time period

Pine Lake/Mickey

Creek (North)

PNLMCP 1,200 Athrotaxis cupressoides
open woodland

33 (19) 59 (31) 0.198 373.64 0.917 1277–1991 (1354–1991)

Walls of Jerusalem

(composite site)

(North)

Walls 1,180–1,300 Athrotaxis cupressoides
open woodland

46 86 0.254 274.5 0.925 1376–2003 (1497–2003)

Lake MacKenzie

(North)

MACK 1,160–1,180 Athrotaxis cupressoides
open woodland

64 107 0.217 271.14 0.94 1344–2008 (1422–2008)

Cradle Mt. (North) CMT 950 Athrotaxis selaginoides
rainforest

32 (17) 63 (30) 0.211 364.08 0.89 945–2008 (999–2008)

Lake Riveaux

(composite)

(South)

RIV 750–850 Athrotaxis selaginoides
rainforest

73 159 0.164 197.3 0.907 1412–1974 (1520–2008)

Moonlight Ridge

(South)

MNL 800 Athrotaxis selaginoides
rainforest

17 40 0.166 245.76 0.911 1664–2008 (1711–2008)

Mt. Field (South) MFIELD 1,200 Athrotaxis cupressoides—

Nothofagus gunnii short

rainforest

48 (13) 92 (21) 0.193 428.43 0.955 1028–2008 (1206–2008)

N(T) The number of trees used in the chronology, N(S) the number of samples used to build the chronology. Figures in brackets are the number of

trees, or samples added by the authors of this study. MSx is mean sensitivity, a measure of year to year variability. ASL is average segment

length (note that this only applies to segments used in chronologies and does not strictly represent sample age). EPS is the expressed population

signal based on average EPS of 40-year segments that overlap by 20 years. Bracketed figures for Chronology Period show that portion of the

chronology for which there are five or more samples

1804 K. J. Allen et al.: The potential to reconstruct broadscale climate indices

123

http://www.ion.researchsystems.com/IONScript/wavelet/
http://www.ion.researchsystems.com/IONScript/wavelet/
http://www.bom.gov.au/climate


These data include monthly indices for: blocking, the SOI,

IPO, AAO and the IOD. In addition, a longer seasonalised

index for the SAM has also been used. Although there are a

number of different indices available that attempt to

characterise ENSO, we have used the SOI because it is

more closely linked with large-scale pressure anomalies

generating rainfall than other ENSO indices (Risbey et al.

2009). The AAO index used here is defined as the differ-

ence between normalised anomalies between 40�S and

65�S (Marshall 2003). The seasonalised SAM index is

based on the principal component analysis of extra-tropical

sea level pressure across the Southern Hemisphere and

includes an adjustment for trend. It has been calibrated to

the Marshall (2003) data set (see http://www.polarmet.

osu.edu/acd/sam/sam_recon.html) and is considered more

reliable after 1958, and for summer and autumn (Jones

et al. 2009a). Pook et al. (2006) and Hirst and Linacre

(1981) have noted that peak blocking, and rain generated

by cut-off lows associated with blocking systems, tends to

occur at different meridians during different months, so

correlations between tree ring series and the Blocking

Index for each of the 135�E, 140�E, and 155�E meridians

have been calculated (see Pook et al. 2006 for a detailed

discussion of the monthly blocking index). Details of the

sources of these secondary climate records are shown in

Table 3. Because much work has focussed on the rela-

tionship between these indices and precipitation rather than

temperature, correlations between the seasonalised sec-

ondary climate indices used here and seasonalised tem-

perature (maximum and minimum) within the grid square

Fig. 2 11-year running means of seasonal AWAP climate data for

each of the sites in this study. Black lines represent northern sites and

gray lines show the data for southern sites. Data have been

seasonalised as follows: average monthly temperatures have been

averaged for the three months of the relevant season; total monthly

precipitation over each relevant three month period has been summed.

General trends are similar for all sites. Greatest differences are

apparent for the north vs. the south
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in which the tree-ring sites are located were also calculated.

Average correlations between the indices and the northern

and the southern areas respectively are shown in Table 4.

Only instantaneous correlations were calculated (cf. Risbey

et al. 2009). The most persistent significant (p \ 0.05)

correlations across seasons and sites occurred between

maximum temperature and SAM. The spring timing of

these significant correlations coincides with the period in

which the SAM is a major driver of precipitation in western

Tasmania (Grose et al. 2010). Correlations between mini-

mum temperature and the SAM also persist across three

seasons of the year, and are strongest in summer. Signifi-

cant correlations between the BI140 and minimum tem-

perature also persist across three seasons, being negative in

winter and positive in summer and autumn. Correlations

between minimum temperatures and the SOI occur for all

seasons (less so for winter), but for a smaller proportion of

sites in the north than for the SAM. In broad terms, the

seasonality of significant correlations is not inconsistent

with a reported negative correlation between temperature

and precipitation across Australia (Alexander et al. 2007).

The drought index used in this study is the relatively

new Standardised Precipitation and Evapotranspiration

Index SPEI (Vicente-Serrano et al. 2010) because it

includes the effect of temperature as an important agent in

evapotranspiration. In this study we have used the

12-month SPEI because it is most comparable with the

PDSI. We have extracted data for grid squares corre-

sponding to our site locations from the global SPEI data set

available from http://www.digital.csic.es/handle/10261/

23139. The construction of the SPEI data set uses data

available from CRUTS3.0 dataset and is based on a 0.5�
grid (Vicente-Serrano et al. 2010).

2.4 Correlations with climate

Correlation functions are the set of correlation coefficients

between the climatic variables and tree-ring width over a

specified interval. Correlations with pre-whitened primary

climate variables were calculated over a common period of

1910–2003 for all residual chronologies except PNLMCP

(which does not extend beyond 1991) and RIV. Correla-

tions with PNLMCP were calculated over the 1911–1991

period and no correlations were calculated for RIV because

sample depth was inadequate after 1930. We focused on

the period beginning with September of the year prior to

Table 2 Means and standard deviations of seasonal climate variables used in this study

MACK PNLMCP CMT Walls RIV Mfield MNL

summxt 15.69

0.88

16.97

1.01

15.55

0.99

15.90

0.94

20.46

0.78

13.32

1.07

14.75

0.91

autmxt 10.53

0.62

11.51

0.78

10.66

0.88

10.75

0.64

17.38

0.60

8.14

0.77

11.18

0.72

winmxt 4.51

0.42

5.54

0.49

5.43

0.51

4.82

0.45

12.30

0.39

2.88

0.57

6.73

0.54

sprmxt 9.48

0.67

10.77

0.81

9.82

0.76

9.80

0.72

15.72

0.51

7.28

0.83

10.16

0.77

summnt 5.06

0.70

5.26

0.77

5.35

0.74

5.08

0.70

11.11

0.69

3.90

0.70

6.58

0.72

autmnt 2.50

0.62

2.29

0.68

2.99

0.66

2.55

0.61

8.76

0.61

1.98

0.63

5.29

0.69

winmnt -0.85

0.53

-0.99

0.58

0.27

0.55

-0.72

0.52

4.51

0.56

-0.83

0.57

2.51

0.58

sprmnt 0.98

0.48

1.08

0.55

1.67

0.54

1.15

0.48

7.05

0.48

0.16

0.55

3.40

0.62

sumprec 331.82

125.17

231.45

88.12

434.24

129.31

356.54

118.93

162.11

62.73

418.24

142.03

118.02

38.72

autprec 486.26

168.93

314.61

108.25

633.08

174.06

521.40

157.22

234.82

90.68

541.99

191.73

140.38

41.84

winprec 716.80

201.21

570.98

164.15

857.89

207.20

718.37

178.79

376.38

112.84

709.32

227.66

174.25

46.75

sprprec 534.95

185.36

360.34

118.92

697.61

185.36

568.58

167.87

265.79

93.08

690.99

214.19

159.89

38.81

Figures for the grid cell in which each site sites are shown. Figures in italics are standard deviations
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the start of growth through to April at the end of the current

growing season, providing a ‘window’ of 20 months. The

20-month window has been used because both Buckley

et al. (1997) and Allen et al. (2001) have shown significant

correlations between ring widths and climate in the prior

season for two other Tasmanian species. Because these

trees are in the Southern Hemisphere, the ‘prior’ growing

season is considered to be September to March of the year

prior to the start of growth, while the current growing

season is considered to be September of the year desig-

nated as the growth year to March of the next calendar

year. There is no direct data (e.g. from dendrometer stud-

ies) on the timing of cambial activity in these species.

Climate correlations with secondary variables were not

restricted to a common period, but estimated over the

whole period of available data due to considerable varia-

tion in period coverage by both the secondary climate

variables and the chronologies. Correlation functions for

these secondary variables were calculated for the same

climate window described above.

Significant relationships between climate variables and

chronologies were tested for linearity using the Kalman

Filter (Visser and Molenaar 1986; Harvey 1989). In the

case where a significant relationship between a chrono-

logy and climate variable for two or more consecutive

months existed, the climate variable was averaged (or, in

the case of precipitation, summed) and then tested against

the chronology (e.g. if maximum temperature was

significantly correlated with a chronology for September

to November, then the relationship between average

temperature of these 3 months and the chronology was

tested for linearity). Only instances where significant a

relationship between a chronology and a secondary cli-

mate variable existed for two or more consecutive months

were tested for linearity. A constant coefficient model was

compared with a random-walk model generated through

the Kalman Filter by means of the Akaike Information

Criterion (AIC). Where the time dependent model had a

lower AIC than a constant coefficient model, the rela-

tionship between the variables was deemed to be time-

dependent. If the value of the difference between the AIC

of the constant model and the AIC of the time-dependent

model was less than -2 (i.e. AICC - AICtd \ -2,

which is larger, in absolute terms, than the penalty

function of the AIC), then time-dependence was consi-

dered an important factor in the relationship between the

chronology or PC and climate variable.

3 Results

3.1 Chronologies

All of the Athrotaxis chronologies were [300 years long

(Table 1; Fig. 3). The longest, CMT, covered the period

AD 945–2008 (i.e., 1,063 years) (Table 1; Fig. 3). Low

Table 3 Secondary climate variables

Secondary variable (index) Length used Author URL

SOI 1866-present Climate Research Unit,

University of East Anglia

http://www.cru.uea.ac.uk/ftpdata/soi.dat

BI 1948-present Pook et al. (2006)

IPO 1871-present Folland (2008)

Hadley Centre

Meteorological Office,

Exeter, UK

http://72.14.235.132/search?q=cache:7_

aWJ8652VUJ:www.iges.org/c20c/IPO_

v2.doc?interdecadal?pacific?

oscillation?data?folland&cd=1&hl=

en&ct=clnk&gl=au

AAO 1957-present British Antarctic Survey http://www.nerc-bas.ac.uk/icd/gjma/

sam.html

Seasonal SAM

(reconstruction)

1907–2004 all seasons Polar Meteorology Group

(Ryan Fogt, NOAA)

http://polarmet.osu.edu/acd/sam/sam_

recon.html, downloaded Dec 2009

SPEI 1901–2006 Vicente-Serrano et al. http://digital.csic.es/handle/10261/

23139, downloaded September 2010

IOD 1871–1997 http://www.jamstec.go.jp/frsgc/

research/d1/iod/

The monthly blocking index measures the degree of blocking of the westerly winds and is calculated as: BI = 0.5(U25 ? U30 ? U55 ? U60 -

U40 - U50-2U45) where Ux is the zonal component of the mean 500 hPa wind at meridian x. The AAO series is based on Marshall’s (2003)

method but varies slightly in that some different stations have been used to compute the index. The longer seasonal SAM index is based on

reconstruction data using principal components regression (see Jones et al. 2009a for further details of calibration) and an adjustment to account

for trend since the 1960s. The monthly IOD has been derived from the HADISST data set (no time filter or detrending)
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growth for the 1890–1910 period is evident at PNLMCP,

MACK and MField, and low growth over the mid- to late

1700s is indicated for MACK and Walls (Fig. 3a). Low

growth periods at CMT occur in the latter half of the

fourteenth century and the early 1700s and at RIV and

MNL just after 1800 and again in the early 1900s. Wide

rings occur at PNLMCP and MField in the mid 1880s,

and for Walls and MACK in the late 1500s, around 1700

and again in the middle of the twentieth century. Wide

rings at CMT occur in the latter part of the twelfth cen-

tury and around 1400. Wide rings are also evident at

PNLMCP around 1500, and at MFIELD in the fourteenth

century and in the mid- to late 1800s. Less variability in

CMT, and a slight upward trend in ring width after about

1800 is apparent. None of the chronologies (Fig. 3) show

clear 20th trends that can be readily associated with

trends in twentieth century precipitation or temperature

(Fig. 2).

Sample depth in the twentieth century was primarily

limited by restrictions on the sampling of live trees, par-

ticularly at RIV. The expressed population signal (EPS) is a

measure of how well a chronology approximates a theo-

retical population signal (Cook and Kariukstis 1990). In

this study it was calculated only for that part of a chro-

nology with five or more samples. MFIELD, the longest

chronology, had the highest average EPS; CMT, one of the

lower elevation sites, had the lowest. Average EPS for all

chronologies is above the 0.85 level (see Wigley et al.

1984). Mean sensitivity (MSx), a measure of year-to-year

variability in ring widths (Fritts 1976), was generally low

with the highest value attained for Walls. Average segment

length (ASL) is the average length of individual segments

making up the chronology. MFIELD has the longest ASL,

followed by PNLMCP and CMT. RIV has the shortest

ASL, reflecting difficulties with cross-dating. Twenty of

the 21 Pearson correlations among Athrotaxis sites are

stronger for the residual chronologies than for the ‘‘arstan’’

chronologies (Table 5). There are several instances, par-

ticularly in King Billy Pine sites, where the strength of the

correlation between the residual chronologies is consider-

ably higher than that between the ‘‘arstan’’ chronologies.

Overall, highest intersite correlations are between the

Pencil Pine sites located close to one another on the

northern part of the Central Plateau (Fig. 1). The CMT

King Billy Pine site is most strongly correlated with RIV in

the south (same species) and then with the northern Pencil

Pine sites. The only southern Pencil Pine site, MField is

most strongly related to the northern Pencil Pine sites,

followed by RIV. RIV is most strongly associated with

MNL in the far south and then CMT (same species) in the

north. With the exception of the correlation between MNL

and RIV, all correlations between MNL and other more

distant sites are low.

The first rotated PC (Fig. 4) explained 56% of the

variance in the chronologies. It reflects the similarity

between all the chronologies. However, the loadings on the

two King Billy chronologies, and the southern Pencil Pine

chronologies are lower than those on the northern chro-

nologies. The second PC explains 18% of the variance in

the chronologies and reflects the differences between the

two species. This difference is consistent with weaker

interspecific correlations (Table 5). MNL has the heaviest

loading for PC2.

The wavelets for the ‘‘arstan’’ chronologies are shown in

Fig. 5. Low frequency variability is apparent in the time

series of all chronologies. The most prominent feature is

the discontinuously high, and significant (p \ 0.1), power

in the 32–64 and 16–32 year bandwidths for most of the

chronologies. Significant power at lower frequencies

occurs for MField and PNLMCP, the two chronologies

with longest average segment lengths. Aperiodic low but

significant power exists in the 2–4 year band for all chro-

nologies (p \ 0.1).

Table 4 Significant (p \ 0.05) average correlations between indices

used in this study and maximum and minimum temperature

Season Summer Autumn Winter Spring

MXT

IPO 0.198 (1/4)

SOI 0.199 (1/4)

0.216 (1/3)

0.252 (1/4)

SAM 0.528 (4/4)

0.525 (2/3)

0.283 (4/4)

0.285 (2/3)

0.2 (1/4) 0.433 (4/4)

0.37 (2/3)

IOD 0.2485 (2/4) 0.285 (4/4)

0.239 (1/4)

BI140 0.282 (4/4)

0.34 (1/4)

20.304 (4/4)

-0.351 (2/3)

MNT

IPO -0.208 (1/4)

-0.235 (1/3)

-0.33 (2/4)

SOI 0.301 (2/4)

0.263 (2/3)

0.222 (3/4)

0.232 (1/3)

-0.227 (1/4) 0.361 (2/4)

0.26 (2/3)

SAM 0.568 (4/4)

0.457 (3/3)

0.385 (4/4)

0.34 (2/3)

-0.21 (2/4)

-0.21 (1/3)

IOD -0.226 (1/4) -0.235 (2/4)

BI140 0.234 (2/4)

0.339 (1/3)

0.31 (4/4)

0.281 (3/3)

20.323 (4/4)

-0.326 (2/3)

Figures shown are averaged for the north and south respectively and

were calculated over the full period in common between the indices

and temperature. The top non-italicised figure of each pair corre-

sponds to the average correlation for the northern sites and the bottom

italicised figure corresponds to the average correlation for southern

sites. Figures in brackets indicate the fraction of sites for which there

was a significant correlation. Figures in bold indicate that the corre-

lation was significant for all sites in the north, or south, respectively

(as indicated by bracketed figures)
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3.2 Correlations with climate

The general pattern of correlations with the primary cli-

mate variables is similar for both Athrotaxis species

(Fig. 6), with more negative correlations with temperature

in the prior growing season and positive correlations in the

current growing season. Strongest correlations with

maximum temperature occur for MFIELD in the current

summer (r = 0.473). Significant negative correlations with

maximum temperature in the prior summer occur for

MACK (r = -0.218 to r = -0.414), WALLS (r =

-0.245 to r = -0.32) and PNLMCP (r = -0.45). There

are a number of positive significant (p \ 0.1) correlations

between maximum temperature and CMT from spring to

Fig. 3 Plots of

autoregressively modeled

chronologies. Sample depth is

shown as the dashed line. The

dark line is the centred 31-year

running mean
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mid-summer (r = 0.221 in August, r = 0.212 in

December) whereas significant correlations between MNL

and maximum temperature occur in mid-winter and

summer (r = 0.375 in winter to r = 0.213 at end of

summer). There are fewer significant correlations between

ring width chronologies and minimum temperature. The

Table 5 Intersite Pearson correlations for all Athrotaxis chronologies

Chronology MFIELD MACK WALLS PNLMCP CMT RIV MNL
MFIELD 0.425

0.551
0.507
0.58

0.443
0.541

0.164+
0.311

0.151+
0.368

0.114+
0.159

MACK 0.683
0.695

0.685
0.735

0.369
0.4

0.08+
0.356

0.041+
0.057+

WALLS 0.724
0.729

0.377
0.4

0.196
0.345

0.072+
0.118+

PNLMCP 0.349
0.369

0.155+
0.370

0.03+
0.078+

CMT 0.136+
0.428

0.267
0.236

RIV 0.258
0.583

Correlations between residual chronologies are italicised and correlations between autoregressively standardised chronologies shown in italics.

Shaded cells show correlations between a Pencil Pine and a King Billy Pine site. Each pair of chronologies was correlated over the entire length

of series in common to that pair. A ? indicates that the correlation was not significant at the 0.05 level

Fig. 4 a PCA loadings for the

first two rotated (varimax) PCs.

Legend applies to both plots.

b Time series for each

respective PC. Very high and

very low values for each PC

have been marked. The very

low points in PC1 all

correspond to very narrow rings

in multiple chronologies across

the state (Unpublished data) and

at least two of these years (1890

and 1898) are known to have

had very cold summers (pers.

comm., I. Aiken Bureau of

Meteorology). In contrast, all

high values in PC2 correspond

to wide rings in MNL that has

the highest loading on PC2

1810 K. J. Allen et al.: The potential to reconstruct broadscale climate indices

123



correlation between MFIELD and minimum temperature

is significant (r = 0.318 to r = 0.373) as is the correla-

tion between minimum temperatures and MNL (r =

0.254 in September to r = 0.225 at end of summer) over

the current spring/summer. Correlations with precipitation

are more positive in the prior season and more negative in

the current growing season, although there is greater

variability among sites than for temperature. There are no

instances in which significant correlations between pre-

cipitation and tree ring chronologies persist for more than

one month.

While the tree ring chronologies show generally con-

sistent responses to the primary climate variables, the

responses to some of the secondary variables vary by

species or by region (Fig. 7). Two of the northern and

eastern Pencil Pine sites (PNLMCP and MACK) in this

study lie in the portion of the state most affected by the SOI

(and hence IPO). All negative correlations between chro-

nologies and the SOI that are significant at the 0.1 level

occur for the northern Pencil Pine sites winter and spring

months (Highest significant values for respective chrono-

logies: MACK r = -0.317; for PNLMCP r = -0.231; for

Fig. 5 Wavelet spectra for the

seven chronologies for period

where more than 5 samples

made up chronology. a MACK

1422–2008, b PNLMCP

1354–1990, c Walls 1497–2003,

d MFIELD 1206–2008, e CMT

1000–2008, f MNL 1711–2008,

g RIV 1520–1938. For each plot

the contour levels are chosen so

that 75, 50, 25, and 5% of the

wavelet power is above each

level, respectively. The cross-

hatched region is the cone of

influence, where zero padding

has reduced the variance. A red-

noise background spectrum has

been used and black contours
show the 90% significance

level. The global wavelet power

spectrum (black line) is shown

on the left. The dashed line is

the significance for the global

wavelet spectrum using the 90%

significance level and red-noise
background spectrum
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Walls r = -0.238), suggesting El Niño conditions (war-

mer, drier) are preferable for growth during these months at

the northern sites. This is broadly consistent with positive

temperature correlations in the spring. Significant positive

correlations (p \ 0.1) occur only for the southern-most

site, MNL (highest correlation, r = 0.237), suggesting El

Niño conditions are not consistent with wide rings at this

site.

There are significant (p \ 0.1) negative correlations

between MNL and the IPO (-0.178 to -0.233) from winter

to summer. This contrasts with positive correlations for the

northern sites (MACK: r = 0.16 to r = 0.32, PNLMCP:

r = 0.169 to r = 0.234; Walls: r = 0.184–0.226). The

correlations between the IPO and MACK persist through

most of the correlation window although correlations for the

months immediately preceding the current growing season

are more significant (Fig. 7). These positive correlations

suggest warmer drier conditions during the months pre-

ceding the current growing season (winter) are more

favourable to growth. Notably, most sites have significant

spectral power at frequencies consistent with low frequency

variability in the IPO (Fig. 5).

Fig. 5 continued
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Significant correlations (p \ 0.1) with the IOD occur for

the prior spring for the northern Pencil Pine sites (strongest

of these is r = 0.251 (PNLMCP)), while significant current

season correlations occur for both northern and southern

sites of both species (Fig. 7). The only significant (p \ 0.1)

and negative correlations occurred for MNL (r = -0.191).

Correlations with the AAO occurred for all individual sites,

with most of the significant correlations in the current

growing season (highest correlation, r = 0.393, MNL).

Comparison with seasonalised SAM data over 1908–1997,

however, yielded no significant correlations for the east-

ernmost site, PNLMCP. In general, correlations between

prior autumn SAM and other sites were negative (strongest

correlation, r = -0.328 MField), while those with the

current season were positive (strongest correlation,

r = 0.334 MNL). Negative correlations suggest that

stronger westerlies in the prior season and weaker

westerlies in the current growing season are favourable for

growth (cf. Menghini et al. 2007). This result is consistent

with a cooler prior season and a warmer current season

being favourable for growth (Fig. 6). Because the results

for the three blocking indices were almost identical, only

the results for BI140 are shown here. There are a greater

number of significant correlations between BI140 and

Fig. 5 continued

K. J. Allen et al.: The potential to reconstruct broadscale climate indices 1813

123



chronologies at the start of the prior growing season

(strongest correlation r = 0.341, Walls; Fig. 7), suggesting

greater woody growth is associated with blocking high

pressure systems in the prior spring.

Most of the significant correlations (p \ 0.1) between

the 12-month SPEI and chronologies occur in the prior

growing season. These correlations are positive and occur

for PNLMCP, MACK and CMT (strongest correlation

r = 0.262). Positive correlations between the SPEI and

chronologies in the prior summer and autumn are consis-

tent with the results shown in Fig. 6 that indicate cooler

wetter conditions at this time are preferable for greater

woody growth. The negative correlations in the current

season occur for CMT and MNL only and suggest warm

dry conditions in the current season favour greater woody

growth at these sites (cf. Fig. 6).

There were relatively few time-dependent relationships.

For primary variables, time-dependent relationships existed

between MNL and December–January maximum tempera-

ture (AICc - AICtd = - 4.46); CMT and December–Jan-

uary maximum temperature (AICc - AICtd = - 67.1);

MField and prior November precipitation (AICc -

AICtd = -2.9); and MField and prior December precipita-

tion (AICc - AICtd [ -2). The relationship between IPO

and MACK (the chronology that showed the strongest cor-

relations over an extended window with the IPO) was found

to be moderately time-dependent (AICc [ AICtd) although

AICc - AICtd [ -2. The model coefficient becomes

insignificant after 1972 (not shown). The relationship

between MNL and SAM (summer model) was also found to

be time-dependent (AICC - AICtd = -13.51) and the

model coefficient was significant only between 1908 and

1919 and 1950–1968.

4 Discussion

Because global-scale climatic variability has been linked to

the occurrence of widespread hydroclimatological anoma-

lies (Graham et al. 2007; Seager et al. 2007; Treydte et al.

2006), there is an urgent need to develop annually resolved

drought-sensitive records from data-sparse areas such as

Australia. Cook et al.’s (2010) Monsoon Asia drought atlas

has demonstrated the utility of a multi-species network of

tree-ring sites for spatial and temporal drought recon-

struction over the past millennium. Although D’Arrigo

et al. (2008) demonstrated that a preliminary drought

reconstruction for the tropical north could be developed

from only a few Indonesian and Australian records, further

development of paleoclimatological records for the Aus-

tralian region is required (Nicholls et al. 2006; Jones et al.

2009b). This study is therefore part of a wider effort that

includes studies of isotopic variation in wood (e.g. Cullen

and Grierson 2007) and wood density variation (Allen et al.

2011), to address the general lack of annual or sub-annual

resolution records available for modelling palaeo-climate

variability in the Australian region. Were periods of low

growth at MField around 1500, or periods of relatively high

growth at CMT in the late twelfth century and around 1400

linked to regional and/or global climatic events? Were

severe droughts experienced in the southwest United States

linked to climate anomalies in Australia? Our results

Fig. 5 continued
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suggest that finding answers to questions such as these will

not be straight forward: a multi-species and/or multi-proxy

approach is probably required. Our results do suggest that

this Athrotaxis network may play an important role in the

development of models reconstructing the SOI, IPO or

SAM which have all been implicated as drivers of

Australian drought. Our discussion below will primarily

focus on the relationships between our tree ring chrono-

logies and the SOI, IPO, SAM and drought.

First, however, it should be noted that our results

indicate robust reconstruction of primary variables such as

temperature and precipitation using this network of sites

Fig. 6 Correlation between ring widths and primary climate

variables. First column correlations between three Pencil Pine sites

and climate variables are shown. Dashed line is MFIELD, solid line is

MACK and dot-dash line with open circles is Walls. Period used is

1911–2003. Second column shows correlations between PNLMCP

and climate variables over the 1911–1991 period. Third column
shows correlations between King Billy Pine sites and climate

variables for the 1911–2008 period. a–c Correlations with maximum

temperature, d–f correlations with minimum temperature, and

g–i correlations with precipitation. The top and bottom horizontal
dotted lines are the 95% upper and lower confidence limits,

respectively. The central horizontal dotted line is the zero line. Note

that no correlations are shown for RIV
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alone is not possible. Part of the problem may lie with the

physiology of the species. It is unlikely that either of

these species exists in locations where temperature, for

example, will be the dominant limiting factor in all years

(pers. comm., T. Brodribb, University of Tasmania). This

does not necessarily preclude their inclusion in a multi-

proxy model, but it does reinforce the need to investigate

the relationship between individual chronologies and

relevant climate variables prior to their inclusion as pre-

dictors in a model. It should also be remembered that

correlations between New Zealand Agathis australis

(Kauri) and the SOI were higher than correlations

between Kauri and precipitation or temperature (Fowler

2008).

Mechanisms such as the SOI, IPO and SAM affect

precipitation and temperature patterns directly and indi-

rectly. Even in a relatively small island such as Tasmania,

geographic location matters in relation to climatic drivers

(Risbey et al. 2009; Grose et al. 2010). This is clear in the

case of the relationship between the tree ring chronologies

and the SOI: strongest correlations with individual sites in

the north of the state. That many of the significant corre-

lations between the SOI and ring-width growth occur in the

winter and spring months when the SOI has its greatest

effect on rainfall in southeastern Australia (McBride and

Nicholls 1983) further verifies their potential for inclusion

in a network reconstructing the SOI or the IPO over the

past millennia. The correlations with MNL, of opposite

sign to those with the northern sites, are intriguing and

require further investigation. It is plausible that the changes

of characteristics of the zonal wind field around Tasmania

associated with ENSO conditions may be partially

responsible for the sign differences (Fig. 8). Intensification

of zonal winds to the immediate south of Tasmania during

El Niño events is apparent while there is markedly less

change in zonal winds across the north of the state during

El Niño events. Joint impacts of positive/negative IOD and

positive/negative SOI events on the wind fields and other

climatic variables may also be important (cf. Risbey et al.

2009).

Fig. 7 Significant correlations

(p B 0.1) between ring widths

and secondary climate variables

identified in Table 3. Level of

significance, rather than actual

correlation is shown. A

‘negative’ significance means

that the correlation was

negative. The closer to the zero

line a symbol is, the more

significant the correlation.

? MFIELD; 9 PNLMCP; e

MACK; r Walls; CMT;

* MNL; RIV; * MNL.

Periods for which data was

available for secondary indices

is shown in Table 3. Although

data was available for summer

and autumn of the seasonalised

SAM from 1865, only the

period since 1908 has been used

here, in order to maintain a

consistent length of comparison

for all seasons. No correlations

with RIV are shown
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Even though the significant (p \ 0.05) relationships

between the tree ring chronologies and SOI in this study

are relatively weak compared to those between the New

Zealand Kauri and the SOI, it is important to note that a

useful reconstruction of ENSO using Kauri alone was not

possible (Fowler 2008). Instead, a multi-proxy approach

was necessary (Gergis and Fowler 2009). Unlike Kauri,

spectral analysis (data not shown) reveals significant peaks

in the 2–5 year band width for all Athrotaxis chronologies.

Our tree ring chronologies are first multi-century chrono-

logies from southeastern Australia to have been individu-

ally compared to the SOI. The results in this study, and the

length of several of the records (Table 1), indicate they

have the potential to make a valuable contribution to a

reconstruction of the SOI.

Strong correlations between our northern sites and the

IPO serve to reiterate the importance of Pacific Ocean

variability on the climate of southeastern Australia. The

IPO is known to modulate Australian streamflow and

rainfall patterns on decadal scales (Power et al. 1999;

Verdon et al. 2004) and Gergis et al. (in review) comment

on the stronger interdecadal (cf. interannual) link between

rainfall in southeastern Australia and a multi-proxy net-

work. A network of chronologies strongly linked to both

the SOI and the IPO is an important step forward in

examining climate variability linked to major droughts in

southeastern Australia. The occurrence of highly signifi-

cant (p \ 0.01) correlations between tree growth at north-

ern sites and the IPO, spectral power in the 15–25 and

50–70 year bands (Data not shown, see also Fig. 5), and

significant spectral coherence between MACK and the IPO

at 16 years (data not shown) is highly encouraging. It

suggests that even though a strongly significant precipita-

tion signal was not apparent (Fig. 6) at an interannual

scale, this does not necessarily prohibit the ability to pro-

duce meaningful reconstructions of moisture-related

conditions in southeastern Australia at the interdecadal

time-scale. Treydte et al. (2006) have also commented that

greater coherence between precipitation records at inter-

decadal scales than at interannual scales is unsurprising.

Treydte et al.’s (2006) study therefore suggests that further

investigation of the link between tree ring chronologies and

precipitation at the interdecadal scale, and the links

between Australian climate proxies and the IPO, is

required.

Although there is potential for some of the Athrotaxis

chronologies to contribute to reconstructions, or under-

standing, of the IPO and SOI, other possibilities should not

be dismissed. The impact of SAM on streamflow in some

Victorian catchments (Meneghini et al. 2007; Kiem and

Verdon-Kidd 2009b), and rainfall in southwestern and

southeastern Australia demonstrates the value of obtaining

a palaeo-proxy for it. Our results show significant negative

correlations between prior autumn, spring summer and

current autumn SAM and a number of sites. Significant

spectral coherence between autumn SAM and both MACK

and MFIELD occur at 11–13 years (data not shown), and is

consistent with the mean 11-year periodicity in the wes-

terly winds found by Harris et al. (1988), albeit only for

40 years of data. In addition, Sheppard (1995) has noted

spectral peaks in rainfall along the west coast of Tasmania

close to the Nyquist frequency (2 years). Significant

spectral coherence between the MACK, MFIELD and

MNL chronologies and SAM also occur close to the

Nyquist frequency (data not shown). Once again, however,

although the correlations between SAM and the tree ring

chronologies are statistically significant, they are relatively

weak and indicate that reconstruction of SAM based solely

on the sites used in this study is unlikely. The development

of additional sites in the far south is required. A recon-

struction of SAM would be of great interest to modellers

and climatologists because little historical information

about the SAM variability is available. Our results indicate

that Athrotaxis chronologies are likely to be useful pre-

dictors of SAM in a multi-proxy model.

Despite the promising results, there are a number of

issues that require careful consideration. Although dem-

onstrating ‘geographic consistency’, by itself, the chro-

nology network developed in this study cannot be used to

develop a model to reconstruct the SOI, IPO or SAM due to

relatively weak (although significant) correlations between

the chronologies and these indices. In addition, the non-

linear relationship between MACK ring widths and the IPO

requires consideration. Although the level of nonlinearity

was relatively small, the fact that the coefficient of the

time-dependent model becomes insignificant after 1972 is

of concern. Figure 9 emphasises this point by showing

in-phase and out-of-phase relationships between the IPO

and MACK and MNL. Therefore, any reconstructions of

Fig. 8 Composite map of zonal wind fields over Australia during

four El Niño events. Kindly provided by Gary Meyers
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the IPO or SOI will require careful consideration of the

non-linear dynamics of the ocean–atmosphere system (see

Arblaster et al. 2002; MacDonald and Case 2005; Heinrich

et al. 2009), switching points, and amplitude oscillations.

Given the multiple influences on Tasmania’s climate, it is

likely that other climate systems will become more domi-

nant influences on woody growth when amplitude of the

IPO (and/or SOI) is low. This makes attempts to recon-

struct the IPO, for example, difficult without additional

information. Previous reconstructions of Pacific Ocean

variability, based on the PDO, have shown varying

amplitude over time. For example, there was a pronounced

negative phase from AD 993–1300, a high positive phase

from AD 1450–1550, low values from AD 1600–1800, and

major ‘switching’ points between positive and negative

phases in 1705, 1905 and 1947 (see Biondi et al. 2001;

MacDonald and Case 2005; D’Arrigo et al. 2001).

Additional Athrotaxis chronologies in the southwest and

west of the state are currently being developed. An

examination of extreme event years for different species

and more especially, different regions of the state, may be

useful in examining the historical role of different climate

system on the state and is the subject of a future study.

High resolution isotopic time series for d 18O could be

invaluable in ascertaining dominant synoptic influences

during the growing season. A multi-proxy network that

includes ice cores (various chemical signals), corals, tree

ring width, wood density will be critical in improving our

understanding of climatic variation in the Austra-

lasian sector over the past millennium. The low frequency

signals in the ring width chronologies also require further

investigation.

The development of a better understanding of fre-

quencies, and mechanisms responsible for, different

droughts is one priority; the ability to map historical

drought is another key priority. Based on the results

shown in Fig. 7, it appears that prior autumn drought

conditions, as defined by the SPEI, have a more signifi-

cantly negative impact on the two Pencil Pine sites in the

north located on rocky ground and scree slopes. The

relationship between maximum temperature and precipi-

tation at both PNLMCP and MACK for spring to autumn

months, is significantly negative over the 1911–2008

period (data not shown). It is therefore reasonable to

assume that in most instances, when temperatures have

been warm during the summer and autumn months, pre-

cipitation has been low. The sign of this prior season

response is, then, consistent with expectations. The

apparently counter-intuitive result that King Billy Pine

prefer drought-like conditions in the current growing

season (as reflected by negative correlations with the

SPEI), is also seen in (Kauri) in New Zealand (Buckley

et al. 2000; Fowler et al. 2008). In a topographically

heterogenous area like southeastern Australia that is

affected by multiple climatic influences, a network of

chronologies with greater spatial extent is required in

order to map drought. Our chronologies are an important

part of the extended spatial network required. The rela-

tionship between the chronologies in this study and the 3-,

24- and 48-month SPEI also merit future investigation.

5 Conclusions

The Athrotaxis chronologies described here provide a

multi-century record of growth variability across a range of

study sites in southern, central and western Tasmania. The

longest chronology (CMT) is over 1,000 years long. The

two Athrotaxis species show temperature sensitivity, both

in the prior and current seasons, depending on site and

species. Despite this, the relationship is not sufficiently

strong for temperature reconstruction from these species.

Improved spatial extent of the chronology network and the

development of density-based chronologies with stronger

Fig. 9 Eleven-year running mean of averaged IPO for August–

December (thick line) (most highly significant correlation between

MACK and IPO occur for August–December) and 11-year running

mean of MACK (dashed line) and MNL (think solid line). Kalman

Filter results indicated the relationships between IPO and MACK to

be time dependent, with an insignificant coefficient after 1972. Note

the low frequency out of phase behaviour of the IPO and MACK from

about 1960. Also note the low-frequency in-phase movement of the

MNL and MACK chronologies from around 1970 compared to

previous out of phase movement
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relationships to temperature will be important aspects of

future work.

Stronger correlations of northern Central Plateau sites,

and MNL in the far south, with the SOI and IPO are

consistent with the observed geographical extent of the

influence of the SOI and IPO (cf. Risbey et al. 2009; Grose

et al. 2010). Both the IPO and SOI have been implicated as

drivers of precipitation and drought in southeastern Aus-

tralia, so the interannual and interdecadal relationships

between them and multi-century tree ring chronologies are

of great interest. Previous work indicating near-global

anomalies linked to Pacific Ocean variability over the last

millennia heighten an interest in how that variability has

influenced the climate of south eastern Australia over the

past millennium, and how variability in the Australian

sector is related to variability in other regions. The rela-

tionship between the chronologies and SAM, also identi-

fied as an important factor in Australian drought, requires

further investigation. Millennium-long reconstructions of

the SOI, IPO and/or SAM from the Australian region

would significantly contribute to an understanding of near-

global scale phenomena such as that discussed by Graham

et al. (2007), thereby building a more detailed spatial

understanding of past variability attributable to different

climatic influences.

Some strong correlations between Athrotaxis spp. and

the SPEI illustrate that the genus is likely to be useful in

reconstructing drought patterns and in multi-proxy

approaches to reconstruction of the SOI or IPO. Physio-

logical studies such as Brodribb and Hill (1998) and Drew

et al. (unpublished data) can provide some further guid-

ance in relation to species and sites most useful for drought

reconstruction in the relatively mesic environments of

Tasmania and other parts of southeastern Australia. The

results of this study demonstrate climatic sensitivity of the

Athrotaxis network, and links with regional climate drivers

related to Australian droughts, although further investiga-

tion is required to better understand nonlinear dynamics.

Greater spatial coverage of the chronology network and

development of density-based chronologies are likely to

facilitate rigorous analysis of past droughts and to ascer-

tain a better understanding of the relationships between

the palaeo-climate of Australia and other regions of the

world.
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