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Abstract Projected decreases and changes in the seasonal distribution of precipitation will have pro-
found impacts on southeastern Australia, including its ability to generate renewable hydroelectricity. Recent
decreases in precipitation over the region may be significant in the context of instrumental records, but the
question of whether these decreases are within long-term natural variability remains. To help address this
issue, we present December-January streamflow and dam inflow reconstructions for southeastern Australia.
These reconstructions for the Tasmanian west coast are based solely on local tree ring chronologies and
span up to 1600 years. Nonparametric estimates, however, indicate good model skill for the last 458 years
(streamflow) and 478 years (dam inflow). The reconstructions indicate that twentieth century conditions
were well within the range of historical variability, and were in fact relatively wet. The period from approxi-
mately 1600 to 1750 CE was one of the enhanced variability and a high proportion of low and high flow
events occurred in the seventeenth century. There are significant relationships between streamflow and
inflow reconstructions and large-scale ocean-atmosphere processes such as ENSO and the Southern Annu-
lar Mode. Critically, our two reconstructions rely heavily on new tree ring chronologies based on properties
such as tracheid radial diameter, cell wall thickness, and density, underscoring the importance of these dif-
ferent types of chronologies in reconstructions.

1. Introduction

Hydrological conditions have been linked to the rise and fall of major civilizations around the world [Buckley
et al.,, 2010; Stahle et al., 2011; Marshall, 2012; Pederson et al., 2014] and help define the geographical distri-
bution of major human settlements. The southeastern region of Australia (SEA) is the most densely popu-
lated part of the Australian continent and supports extensive agricultural activity. The devastating impacts
of major droughts on SEA are well known [Van Dijk et al.,, 2013] and the most recent of these, the Big Dry
(~1997-2009), has intensified the focus on predicting water resources for the region into the future. A gen-
eral decline in precipitation in SEA over the past 40 years has also been widely observed [e.g., Cai and
Cowan, 2008; Cai et al., 2009; Murphy and Timbal, 2008; Bennett et al., 2010; Hope et al., 2010; Chiew et al.,
2011], prompting concerns that the region is experiencing a departure from historical conditions [Chiew
et al,, 2011]. Over the past 20 years in particular, this decline has negatively impacted urban water supplies,
agricultural food production, river discharge required to sustain the aquatic environment, and capacity to
generate hydroelectricity. To make matters worse, various modeling studies indicate that drying of southern
southeastern Australia is likely to increase over the course of the 21st century [CSIRO, 2008; Timbal and
Jones, 2008; Viney et al., 2009; Chiew et al., 2011, 2014; Post et al., 2014]. Predictions also suggest that the sea-
sonal distribution of precipitation across the region is expected to change [Bennett et al., 2010; Chiew et al.,
2011]. Current declines in available water resources and changes in the seasonal distribution of precipitation
pose considerable challenges for SEA’s renewable hydroelectricity sector. The region produces the majority
of Australia’s hydroelectricity, with Tasmania in the far southeast being responsible for approximately 60%
of its generation capacity. Like the rest of SEA, Tasmania has experienced declining precipitation since the
mid-1970s, with greatest decreases occurring in the autumn months, and in the north and east of the state
[Grose et al., 2010]. Since 1975, there has been a decrease in the number of very wet years, although
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Taschetto and England [2008] note an increase in winter and spring precipitation in the west. Such changes
affect decisions concerning storage levels in Tasmanian impoundments that are made on the basis of
detailed climate projections and resource modeling within the existing, and shifting, Australian energy pol-
icy nexus.

Analyses of observed data and models of future change are inherently constrained by limited variability
present in relatively short (<100 years) meteorological records. Post [2013], for example, acknowledged dif-
ficulties in applying hydrological models to conditions in which modeled precipitation differs from historical
precipitation by more than 15%. There is, therefore, a particular need for very long records that incorporate
a greater range of hydrological conditions than is available from the existing meteorological records [cf.
Chiew et al., 2014]. Paleohydrological reconstructions have enabled water managers to put 20th and 21st
century conditions in the context of much longer records [Sheppard et al., 2004; Touchan et al., 2011; Cook
et al., 2010; Wilson et al., 2005; Urrutia et al., 2011]. Many of these paleohydrological records indicate that
conditions much more challenging than those of the past 100 years have existed in the past, and for much
more extended periods [Treydte et al., 2006; Stahle et al., 2007; Buckley et al., 2010; Chen et al., 2012]. Despite
the increasingly urgent need to better understand long-term hydrological dynamics in SEA against the
backdrop of rapid climate change [Van Dijk et al., 2013], there is a paucity of high-resolution paleohydrologi-
cal reconstructions for the region primarily due to the lack of suitable hydrological proxies. Thus far, the
only attempts at developing annual-resolution hydrological reconstructions for the region have relied on
records that are mostly outside the SEA region [McGowan et al., 2009; Gergis et al., 2011; Gallant and Gergis,
2011].

Not only does Tasmania supply approximately 60% of Australia’s hydroelectricity, it also boasts an impres-
sive number of multicentennial annually dated tree ring width chronologies [Heinrich and Allen, 2013]. This
stands in stark contrast to mainland Australia where, due to species-related limitations, very few published
chronologies extend back for more than 200 years [e.g., Cullen and Grierson, 2009]. Thus far, the majority of
the Tasmanian ring width chronologies have shown stronger, albeit often complex, relationships with
regional temperature than with hydroclimate [Buckley et al., 1997; Allen et al., 2001, 2011]. Recent work,
however, indicates that tree ring chronologies based on properties such as tracheid radial diameter, microfi-
bril angle, density, and cell wall thickness are likely to play an important role in the development of seasonal
paleohydrological reconstructions from the mesic Tasmanian species [Drew et al., 2013; K. J. Allen et al,,
2015, Palaeohydrology in climatological context: Seasonal characteristics of streamflow in part of southeast-
ern Australia, submitted to Applied Geography]. Here we present the first December-January reconstructions
of a streamflow index for the central west of Tasmania, and of inflows to the Lake Burbury impoundment,
also in the central west of Tasmania. Critically, due to ocean-atmosphere-topography interactions that
determine the climate of this part of southeastern Australia, we are able to rely exclusively on local tree ring
predictors for these reconstructions. Although there is a pronounced seasonal cycle in western Tasmanian
precipitation (and hence streamflows) with a peak in the winter and spring months (www.bom.gov.au),
December-January (DJ) streamflows and subsequent inflows to impoundments are important to hydroelec-
tricity generators because they provide a buffer against delayed autumn-winter rains. Indeed, delays in
autumn-winter rains have become more common in recent years [Murphy and Timbal, 2008; Pook et al.,
2006]. This results in the need to import coal-fire generated electricity from mainland Australia into Tasma-
nia rather than the ability to export hydroelectricity. It also increases the cost of electricity to end-users.
Conversely, wet summers provide water managers with some flexibility if autumn-winter rains are delayed.
Therefore, a paleohydrological record of summer conditions in western Tasmania will provide water manag-
ers with much needed longer-term information about summer flow variability that can be incorporated into
water availability models.

2. Methods

2.1. The Study Region and Drivers of Local Precipitation

The island state of Tasmania is located in the far southeast of Australia (Figure 1). There are few population
centers in the rugged western portion of Tasmania, and none in the remote southwest. A strong rainfall gra-
dient across the state results in approximately 2000-3000 mm of rain falling annually in the west of the
state but only 500-600 mm typically falling in the east. This rain shadow effect is observable for all seasons,
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Figure 1. (a) Location of tree ring sites used for reconstructions (solid diamond, tree ring width chronology; solid triangle, wood properties tree ring chronologies), streamflow stations
(nabla), and Lake Burbury (asterisk). Solid circle shows location of potential predictors (tree ring sites) that did not meet criterion. All unselected sites were ring width sites. In the inset
map of Australia, A shows the location of the Havannah coral record; B is the area in which precipitation is most strongly related to Vance et al.’s [2014] IPO positive phases; C represents
the Murray Darling Basin for which Gallant and Gergis [2011] and McGowan et al. [2009] reconstructed streamflow. Distribution of (b) warm and (c) cool season precipitation across Tas-
mania. Figures sourced from the Bureau of Meteorology (www.bom.gov.au).

but is strongest in the cold season (Figures 1b and 1c). Analysis of catchment flow records across the state
indicates the east-west differences among catchments persist for all seasons (Allen et al., submitted
manuscript).

Large-scale ocean-atmosphere processes impact on seasonal water availability in the SEA region generally,
and also Tasmania specifically [Cai and Cowan, 2008; Risbey et al., 2009; Pook et al., 2006; Ummenhofer et al.,
2009; Timbal and Drosdowsky, 2012; Post et al., 2014, among many others]. Typical seasonal and regional sig-
natures of these processes vary, as described by Risbey et al. [2009] and summarized for Tasmania by Grose
et al. [2010]. In brief, the Indian Ocean Dipole (IOD), reflecting sea surface temperature differences in the
east and west Indian Ocean, has its strongest influence on Tasmanian precipitation in spring in the north
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and east of the state [Risbey et al. 2009]. The Southern Oscillation Index (SOI), an indicator for El Nino-
Southern Oscillation, is the normalized pressure difference between Taihiti and Darwin, and is most strongly
related to southeast Australian precipitation in winter and spring [Risbey et al., 2009]. The Interdecadal
Pacific Oscillation (IPO) modulates the hydroclimate of southeastern Australia [Kiem and Verdon-Kidd, 2009;
Vance et al.,, 2014]. Atmospheric blocking predominantly affects precipitation in the Tasmanian east and
southwest from autumn to spring [Pook et al., 2006]. The dominant influence of the Southern Annular Mode
(SAM) on precipitation occurs in western Tasmania for the winter-summer seasons. For western and south-
western Tasmania, Risbey et al. [2009] single out SAM as the dominant process affecting precipitation in the
summer months. The intensification of the subtropical ridge (STR) has also been linked to recent declines in
precipitation over SEA generally [Timbal and Drosdowsky, 2012; Post et al., 2014].

2.2. Tree Ring Chronologies

Although the diversity of Tasmanian river discharge characteristics reflects the geographical and seasonal
distribution of precipitation [Risbey et al., 2009; Bennett et al., 2010; Grose et al., 2010], we did not impose
expectations related to these geographical and seasonal gradients on the selection of chronologies to be
used for the reconstruction. For example, we might expect that chronologies from the north and east of the
state would not sufficiently reflect streamflow (inflow) in the west. But this is an assumption that needs to
be tested. Thus, we included all Tasmanian tree ring chronologies that spanned at least the AD1800 to 2007
period in our initial pool of 25 chronologies (Figure 1). This multispecies network included Lagarostrobos
franklinii, Athrotaxis selaginoides, Athrotaxis cupressoides, and Phyllocladus aspleniifolius. Details concerning
most of the ring width chronologies can be found elsewhere [Buckley et al., 1997; Allen et al., 2001, 2011].
Chronologies based on density, cell wall thickness, tracheid radial diameter, and microfibril angle for
Athrotaxis cupressoides, Athrotaxis selaginoides, Phyllocladus aspleniifolius, and Lagarostrobos franklinii were
developed through the use of Silviscan© as described by Drew et al. [2013]. Standardization of tree ring
series is common practice and aims to remove biological variability present in the individual series thought
unrelated to climate [Cook and Kariukstis, 1990]. In order to minimize any trend distortion [cf. Melvin and
Briffa, 2008], each of the five types of series were standardized differently. Raw density series commonly
showed a decreasing trend with age and so were standardized with a negative exponential/negative slop-
ing regression line. Due to the lack of decrease or increase of tracheid radial diameter over the life of trees
across sites, and the role stand dynamics is likely to have played in at least two of the three sites for which
tracheid radial diameter chronologies were produced, tracheid radial diameter series were standardized
using the Friedman variable span smoother [Friedman, 1984]. The same standardization was applied to the
microfibril angle series for the same reason. Cell wall thickness series were standardized with a negative
exponential/regression line of any slope due to a commonly observed, but not ubiquitous, increasing trend
in raw series. An age-dependent smoothing spline [Melvin et al., 2007] was used to standardize ring width
chronologies. All chronologies were standardized within the signal-free framework [Melvin and Briffa, 2008]
and calculated using residuals rather than ratios [Cook and Peters, 1997]. Signal-free standardization aims to
better preserve common medium frequency variation due to climate that can be lost using nonsignal-free
detrending methods. It is based on the premise that the common forcing signal in the tree ring data due to
climate can bias the fitting of growth curves used to remove nonclimatic variance and thus lead to a loss of
medium frequency signals attributable to climate. Signal-free standardization also eliminates trend distor-
tion effects caused by that same common variability at the ends of series [Melvin and Briffa, 2008].

2.3. Streamflow and Inflow Data

Streamflow data from “unimpaired” catchments [Peel et al., 2000] in western Tasmania were sourced from
Hydro Tasmania and the Department of Primary Industry, Parks, Water, and Environment. “Unimpaired” is
defined as streamflow not subject to diversion or regulation. Western Tasmanian streamflows are highly
correlated among catchments, but very few series extend back before 1960 and up to the current day (Allen
et al, submitted manuscript), which therefore limits the series lengths available for model calibration and
verification. In order to extend the length of the series available for calibration and verification purposes, we
created a regional index of streamflow for western Tasmania. Highly correlated catchment flows across the
region makes this feasible (Allen et al., submitted manuscript). For each streamflow series used, the Decem-
ber and January streamflows were added together and then converted to z-scores. A regional index of
streamflow (1946-2007; see below) for western Tasmania was then obtained by averaging these z-scores
across all series for each year. Basic information on the selected streamflow series is shown in Table 1 and
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Figure 1. Streamflow
series from the east and
north of the state are not

Table 1. Characteristics of Streamflow Data Used to Produce the Index of Streamflow and of the
Inflow Data for the Burbury Impoundment®

Approximate

% Missing Catchment closely related to western

River Period of Record Data Size (km?) streamflow (Allen et al,,
King (78) Jan 1924 to Dec 1990 0 449 Submitted manuscript)
Nive (497) Jun 1964 to Mar 2013 0 186
Franklin (145) May 1953 to Mar 2013 198 764 and were therefore not
Tyenna (449) Apr 1965 to Mar 2013 177 184 included in the index
Florentine (40) Feb 1952 to Mar 2013 0 436 series.
Inflow Station
Burbury inflow Jan 1924 - Dec 2011 0 556 The |arger proportion of

®Numbers in parentheses are Hydro Tasmania gauge numbers. Note that King River flow data precipitation in western
prior to 1946 are noted as “low quality” and have not been used in reconstructions here. Tasmania falls in winter-

spring although catch-

ment flows are significant
all year round. Numerous impoundments in the area are used to generate hydroelectricity for SEA, and the
best quality data available for any of these comes from Lake Burbury, located in Tasmania’s central west.
These data were provided by Hydro Tasmania. The Lake Burbury impoundment was commissioned in 1991;
however, the flows into the basin have been directly measured since 1924 via the streamflow gauge on the
King River until 1990. Since 1991, measurement of lake inflow has been based on observed lake levels and
power station releases. As for precipitation, inflows are greatest in the winter-spring months although there
is considerable variability for all months (Figure 2a). Original flow records for the King River indicate that the
first 21 years of the record (1924-1945) is low quality. We therefore excluded both streamflow and inflow
data prior to 1946 from our model calibration and verification procedures. A comparison of Burbury inflow
and the streamflow index (Figure 2b) illustrates a close relationship between the two series since 1946.
Streamflow gauges are all within 105 km of the Burbury impoundment. December-January streamflow pat-
terns do not reflect annual streamflow patterns (e.g., correlations between the King River DJ flows and
annual flow were R= —0.21 (July-June year) and R = —0.07 (October-September year)). The same is true
for inflow (R= —0.03 (July—June year); R= —0.01 (October-September year)). These poor relationships
between DJ and annual flows are most likely attributable to highly seasonal effects of different ocean-
atmosphere processes on precipitation and streamflow in southeastern Australia. This means that our DJ
reconstructions cannot be extrapolated to reflect annual inflows or streamflows.

We have chosen to reconstruct both the streamflow index and Lake Burbury inflows because in theory they
should reflect the same general hydroclimate. If the two reconstructions differ greatly from one another,
this would decrease confidence in the reconstructions. Conversely, if they are very similar to one another,
this enhances confidence in the reconstructions.

2.4. Reconstructions
We used a nested point-by-point
regression (PPR) technique [Cook et al.,
2013] to reconstruct the DJ inflows at
Lake Burbury and the regional stream-
flow index. This technique has been
extensively used to develop tree ring
based reconstructions elsewhere [e.g.,
Cook et al., 2010; Touchan et al., 2011;
i Pederson et al, 2013], and further

]
]is detail about the basic technique can
E be found in Cook et al. [1999]. The
*J.% nested approach explicitly acknowl-
; : ; ;g edges that the number of predictors
Ly UL . x0e o . .

our typically declines as one goes back in
time. Multiple reconstructions are pro-

Figure 2. (a) Average monthly inflows, 1946-2011, Lake Burbury. Dotted lines d d ith h ivelv |
denote 10. (b) Comparison of Lake Burbury inflow data and the constructed uced, with each successively longer
streamflow index, 1946-2011. Streamflow index is expressed as z-scores. one based on fewer predictors in
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Table 2. Tree Ring Chronologies Used in Reconstructions®

Full
Chronology
Chronology Lat Long Species Length Lag Recon Corr Beta

Mickey Creek average cell —4148 14642 A cupressoides  1354-2009 0 12 0413 0.246 (9.20)
wall thickness 0412 0.369 (14.4)
Mickey Creek average density —41.48 14642  A. cupressoides 1354-2009 0 1,2 0.392 0.210 (7.86)
0.392 0.326 (12.7)
February Creek average cell —41.45 146.15  A. selaginoides 1583-2011 1 1,2 —0376 —0.190(7.11)
wall thickness —0301 —0.171 (6.67)
February Creek average density —41.45 146.15  A. selaginoides 1583-2011 1 1 —0.288 —0.145 (5.42)
February Creek average tracheid —41.45 146.15  A. selaginoides 1599-2011 0 1,2 —0.325 —0.112(4.19)
radial diameter —0.299 —0.152(5.92)

TNE average cell wall thickness —42.2*% 146.33  P. aspleniifolius ~ 1657-2012 0 1,2 0.432 0.262 (9.8)
0.360 0.252 (9.81)
TNE average tracheid radial diameter ~ —42.2* 146.33  P. aspleniifolius ~ 1657-2012 0 1,2 0.430 0.261 (9.76)
0.355 0.249 (9.70)
TNE average density —42.2*% 146.33  P. aspleniifolius ~ 1657-2012 0 1,2 —0425 —0.194 (7.26)
—0294 —0.137(5.33)
Mickey Creek ring width —41.48 146.42  A. cupressoides 1277-2009 1 1 0.294 0.141 (5.27)
Lake Mackenzie ring width —4136 14633 A cupressoides  1344-2008 1 1 0.282 0.122 (4.56)
Mt Field ring width —424 146.33  A. cupressoides 1207-2008 1 1,2 0.380 0.205 (7.67)
0.326 0.213 (8.29)
Cradle Mt ring width —414 145.57  A. selaginoides 386-2008 1 1 0.273 0.049 (1.83)
Southwest CTP ring width —42.00* 14633  P. aspleniifolius ~ 1525-2012 1 12 0.356 0.094 (3.52)
0.338 0.107 (4.17)
Butters average microfibril angle —42.09 14531 L. franklinii 1770-2009 0 1,2 0.349 0.149 (5.57)
0.328 0.211 (8.22)
Butters ring average tracheid —42.09 14531 L. franklinii 1770-2009 0 1,2 0.373 0.159 (5.95)
radial diameter 0.311 0.171 (6.67)
Butters ring average density —42.09 14531 L. franklinii 1770-2009 1 12 —0.339 —0.134 (5.01)

—0388 —0.210(8.18)

@A “1” in the Recon column indicates streamflow reconstruction, whereas a “2” indicates the inflow reconstruction. * indicates approx-
imate location as samples were sourced from multiple sites close to one another. The Corr column shows correlations between D)
streamflow (inflow) and predictors used in the reconstruction. The beta column reports beta weights for the initial reconstruction model
based on all predictors (nest 1). The figure in brackets next to the beta weights is a percentage and provides an indication of the influ-
ence of the predictor on the final chronology. The top figure in each cell in the Corr and beta columns refers to the streamflow recon-
struction while the bottom number refers to the inflow reconstruction.

order to extend the reconstruction farther back in time. The individual reconstructions are also rescaled to
recover lost variance due to regression in the calibration period. This avoids artificial variability in the nested
reconstruction related to differences in R%. Uncertainty around the nested estimates is typically larger for
the longer reconstructions with fewer predictors, but this is explicitly considered in the overall reconstruc-
tion uncertainties.

The 50 prewhitened potential tree ring predictors (25 chronologies—nonlagged and lagged 1 year) for
inclusion in the model were screened using a two-tail test for significant correlation (p < 0.1) with the pre-
whitened streamflow index (Burbury inflow). Lagged relationships were also tested because previous work
has found that the prior season’s climate is significantly related to ring widths in many cases [Buckley et al.,
1997; Allen et al., 2001, 2011]. Only those predictors significantly correlated (Pearson correlations, p < 0.1)
with streamflow (Burbury inflow) were included in subsequent stages of reconstruction development (16
streamflow; 12 inflow). All chronologies passing this stage are listed in Table 2 and their locations are shown
in Figure 1. Additionally, their monthly correlation functions shown in supporting information Figure S1
clearly show that strongest correlations between selected chronologies and streamflow generally occur in
December-January. All selected chronologies are within 100 km of the Lake Burbury impoundment, and
this emphasis on local predictors is consistent with the high regional specificity of precipitation patterns in
Tasmania (Figure 1). Eleven of the 16 (streamflow) and 10 of the 12 (inflow) predictors were wood proper-
ties chronologies rather than ring width chronologies, indicating that these wood properties generally con-
tain significantly stronger moisture-related signals compared to ring widths. The relatively poor moisture
signal contained in many of the ring width chronologies is emphasized by the failure of three west coast
Lagarostobos franklinii chronologies very close to the Burbury impoundment site to be included in the
model as predictors (Figure 1). The species mix of selected predictors included Lagarostrobos franklinii,
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Athrotaxis selaginoides, Athrotaxis cupressoides, and Phyllocladus aspleniifolius, although no Lagarostrobos
franklinii ring width chronologies were included (Table 2). Correlations between DJ streamflow and those
ring width chronologies selected as predictors in the model are generally slightly weaker than those
between the wood properties chronologies and DJ streamflow, although this is not the case for the inflow
reconstruction (Table 2). These correlations of predictors with streamflow (inflow) are best described as
moderate, varying between [0.273| (Cradle Mt ring width) and |0.432| (TNE average cell wall thickness).
Where a chronology has been used in both reconstructions, correlations between chronologies and each of
streamflow and inflow are very similar, the only exception being TNE average density (Table 2). The beta
weights shown in Table 2 are the back-transformed regression coefficients for each predictor chronology.
The bracketed figures provide an indication of the relative influence of the chronologies and show the beta
weight for a particular chronology as a percentage of the sum of the absolute values of the beta weights of
all predictor chronologies [Frank and Esper, 2005]. In general terms, influence is higher for wood properties
and lower for ring width chronologies, although the influence of the Mt Field ring width chronology is rela-
tively strong in both reconstructions (Table 2). Notably, wood properties chronologies from Mickey Creek
and TNE in particular have had relatively large influences on the final reconstructions (Table 2). Predictors
were only used in the principal component regression (PCR) stage of the analysis for the period over which
there were at least four samples making up the chronology. Although many tree ring based reconstructions
apply a 0.85 cutoff level of the expressed population signal (EPS) criterion for the portion of a chronology to
be used in a reconstruction, this threshold is nothing more than a suggested guide that may be changed
based on “the user’s subjective evaluation of accuracy needs” [Wigley et al, 1984]. With this in mind, we
found that portions of chronologies not reaching this EPS level were still valuable for reconstruction pur-
poses here (data not shown). Given the selection of chronologies used as predictors in PCR, the minimum
Akaike Information Criterion (AIC) criterion was then used to select the regression model used for recon-
struction [see Cook et al., 1999], and the maximum entropy bootstrap [Vinod and Lopez-de-Lacalle, 2009]
was applied to both the predictors and the streamflow (inflow) series to produce 300 replicates of the
reconstruction in order to estimate model uncertainty for each year. This bootstrapping process also
enabled nonparametric estimates of uncertainty of the calibration/verification statistics to be calculated
[Cook et al., 2013]. Prediction intervals providing a measure of the uncertainty associated with individual
estimates were also calculated in the manner described by Cook et al. [2013]. Prediction intervals are neces-
sarily wider than confidence intervals because there is greater uncertainty associated with an individual esti-
mate than there is with the estimation of the central value. See Olive [2007] for details.

Typically, tree ring reconstruction models are calibrated against a subset of the available climate data. Data
withheld from this process are then used for verification purposes and a number of statistics used to check
model quality in the calibration and verification periods. The longer 1966-2007 period was used for calibra-
tion of our streamflow index (inflow) reconstructions. The period 1946-1965 was withheld for verification
purposes. Although this verification period is relatively short, it was important to ensure that the range of
variability contained in the instrumental record overall could be captured in the calibration period in order
to avoid the “no-analogue” problem that can arise, for example, if a model calibration is based solely on a
period that contains low flows whereas outside this period, flows were much higher. Two statistics are com-
monly used to gauge model quality in the calibration period. The simplest and most familiar of these is the
coefficient of determination R? (CRSQ), a measure of the goodness of fit of the model. It is, however, known
to be a poor measure of the goodness of fit if the model is applied to periods outside the calibration period
[Cook et al.,, 1999]. The CVRE, or cross-validation reduction of error, calculated using a leave-one out proce-
dure, provides a less biased estimation of calibrated variance compared to R% Three statistics are commonly
used to assess the credibility of the calibrated model over the verification period. The least rigorous of these
is the square of the Pearson correlation R* (VRSQ), which is insensitive to changes in mean level between
actual and reconstructed values. More rigorous is the reduction of error (RE) statistic that provides a com-
parison of the sum of squared differences in actual and estimated data with the squared differences
between the actual data and its mean. RE ranges between —oo and 1 and any positive value is considered
to indicate some model skill in excess of the calibration period mean of the actual data. The coefficient of
efficiency (CE) is the most rigorous of the three statistics used to gauge model skill. Like RE, it ranges from
—o0 to 1 but compares squared differences in actual and estimated data with the squared differences in
actual data and its mean over the verification period [Cook et al., 1999]. A CE > 0 indicates a model has
greater skill than simply the verification period mean of the actual data.
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3. The Reconstructions

Our DJ streamflow and inflow reconstructions are the first verified multicentennial flow reconstructions for
the mesic environment of western Tasmania. The only other attempt to reconstruct Tasmanian streamflow
using tree rings was hampered by short flow records [Campbell, 1982]. The similarity between our two
reconstructions (Figures 3¢ and 3f) is expected given the high degree of similarity between the actual inflow
data and the streamflow index (Figure 2). Note that only the period for which point estimates of CE >0 are
shown in Figure 3 (see below). Small differences between the reconstructions can be attributed to differen-
ces between the streamflow index and inflow series and to the pool of predictors used for the respective
reconstructions (Table 2).

3.1. Reconstruction Statistics

The calibration and verification results of our nested streamflow index (inflow) reconstructions are provided
in Tables 3 and 4. These statistics are the median estimates based on 300 nested bootstrapped samples.
The streamflow reconstruction consists of 11 nested reconstructions and point statistics for each of these
nested suites indicate that the streamflow index reconstruction remains valid back to 1530 (Table 3). The
inflow reconstruction consists of nine nested reconstructions, and point estimates of RE and CE remain posi-
tive back to 1530 (Table 4). While median calibrated variance (e.g., nest 1 0.353 for streamflow and 0.330 for
inflow; Tables 3 and 4) is relatively low compared to several other hydrological reconstructions [e.g., Stahle
et al, 2011; Cook et al., 2013; Pederson et al., 2013], our reconstructions are nevertheless improvements on
the verification period climatology back to 1530 because RE and CE are both >0 (Tables 3 and 4). The non-
parametric interval estimates, however (Figure 4), show that RE and CE do not statistically differ from zero
(p <0.1) before 1550 for the streamflow reconstruction. Similarly, for the inflow reconstruction, CE and RE
are not statistically different from zero before 1530. Notably, 1530 marks the point before which both recon-
structions rely exclusively on ring width chronologies. The 90% confidence limits are asymmetrical for the
inflow reconstruction RE and CE before 1800 at which time the Lagarostrobos franklinii wood properties
chronologies drop out (transition to nest 2). In what follows below we primarily focus on the post-1530
reconstruction characteristics.

3.2. The Streamflow and Inflow Reconstructions

According to the reconstructions, with the exception of the Federation Drought (~1895-1902), the past 200
years has been a period with average or slightly above average flows for DJ. The most severe dry period
since 1530 occurred in the late 1600s (Figure 3f). There have been a number of extended periods of below
average DJ flows since 1530, as indicated by the smoothed reconstruction (Figure 3): circa 1603-1610,
circa1675-1700, circa1720-1740, and the first decade of the twentieth century. The dry period around 1600
was of approximately the same duration and severity as the Federation Drought. In general, the seven-
teenth century was one of the enhanced variability (Figure 5), and there is a concentration of both low and
high flow years in this period (Figures 3¢, 3f, and 5). In contrast, there was a relatively low level of variability
over the first half of the 20th century, but with noticeably more dry events than wet events (Figure 5). There
were also noticeably more wet than dry events in the latter half of the 19th and 20th centuries (Figure 5).
Overall, our reconstructions indicate that recent DJ conditions (last two decades) are not unusual and are
well within the variability of the past 500 or so years (Figure 3f). According to our reconstructions, DJ condi-
tions of the severity of those occurring from circa 1675 to 1735 are unprecedented since European settle-
ment. Such severe events would likely result in significant socio-economic impacts today, particularly if dry
conditions persisted across multiple seasons and/or across large swathes of Australia simultaneously.

4, Other Regional Hydroclimate Records

Our reconstructions contribute toward construction of a paleohydrological history for the broader Austra-
lian region. There are a number of historical sources, and streamflow reconstructions, from which informa-
tion about past hydrological conditions in SEA and beyond can be gleaned. A comparison of these sources
and reconstructions reinforces seasonality and geography as important factors requiring explicit considera-
tion in hydroclimatic reconstructions for Australasia.

Mpelasoka et al. [2008] identify five important droughts other than the Federation Drought that have
had major impacts on SEA over the past 150 years: 1911-1916, 1918-1920, 1963-1968, 1972-1973, and
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Figure 3. Reconstructed inflows for Lake Burbury and the streamflow index. (a) Actual and reconstructed streamflow over common period.
(b) Actual and reconstructed inflows over common period. (c) Streamflow and inflow reconstructions. (d) Reconstructed smoothed (20
year smoothing spline) streamflow with 90% confidence and prediction intervals. (e) Reconstructed smoothed (20 year smoothing spline)
streamflow index with 90% confidence and prediction intervals. For Figures 3d and 3e, prediction intervals shown as dashed gray lines,
confidence intervals shown as dark dashed lines. (f) Reconstructed smoothed (20 year smoothing spline) Burbury inflows and the
smoothed reconstructed streamflow index. Note that streamflow index is displayed as z-score series but inflows are measured in ML.

1982-1983. Our reconstruction identifies years within all but one (1972-1973) of the droughts identified by
Mpelasoka et al. [2008] as being low flow summers (1911, 1915, 1918, 1963, 1982). Of the three major twen-
tieth century droughts often referred to [Verdon-Kidd and Kiem, 2009] (Federation Drought, WWII (~1937-
1945) drought and the Big Dry), our reconstruction clearly captures drought around the turn of the twenti-
eth century but does not as clearly reflect the WWII or the Big Dry droughts. The key to these differences
between our reconstruction and these records derived directly from observational data is likely associated
with the spatial and seasonal footprints of these droughts. For example, the 1972-1973 drought that broke
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Table 3. Calibration/Verification Statistics for the Nested Median Streamflow Index Reconstruction (Figure 3)?

Nest Time Span No. Crns CRSQ CVRE VRSQ VRE VCE

1 1800-2007 16 0.353 0.26 0.218 0.163 0.161
2 1720-2007 13 0.336 0.26 0.218 0.163 0.161
3 1700-2007 12 0313 0.235 0.243 0.193 0.192
4 1690-2007 10 0.262 0.175 0.32 0.197 0.196
5 1560-2007 7 0.23 0.14 0.195 0.109 0.107
6 1550-2007 6 0.21 0.086 0.201 0.141 0.14
7 1530-2007 5 0.21 0.111 0.109 0.054 0.053
8 1430-2007 4 0.168 0.068 0 —0.11 —0.112
9 1360-2007 3 0.166 0.071 —0.001 —0.129 —0.217
10 1210-2007 2 0.155 0.074 —0.013 —0.17 —0.171
1 386-2007 1 0 —0.002 0 0 0

2With the exception of the first and last nests, the start years of each nest are rounded up to the next decade. This ensures there is at
least a decade between nests. No. crns refers to the number of chronologies included in each nest. Based on these point estimates, the
streamflow index reconstruction remains skillful until 1530 at which point both RE and CE fall below zero. Note the monotonic or almost
monotonic declines in values of CRSQ, CVRE, and VRSQ over successive nests. Neither RE nor CE decline in a monotonic manner. See
also Figure 4.

in January 1973 in Tasmania had relatively little impact on western Tasmania (CSIRO, www.eoc.csiro.au/
awap). The WWII drought did not result in large precipitation deficits over western Tasmania, whereas both
the Federation and Big Dry droughts did [Verdon-Kidd and Kiem, 2009]. However, an important feature of
the rainfall deficits experienced during the Big Dry was that they primarily occurred in the autumn months
[Murphy and Timbal, 2008; Post et al., 2014]. In contrast, rainfall deficits during the Federation Drought prin-
cipally prevailed for the spring and summer months [Post et al., 2014], and it is therefore reasonable to
expect them to be reflected in our reconstruction whereas deficits largely confined to other seasons should
be less apparent.

A comparison of hydrological reconstructions for eastern Australia further reinforces the importance of geo-
graphical and seasonal factors, as shown in Figure 6. Reconstructions shown are: Hendy et al.'s [2003] coral
luminescence record, a proxy for summer Burdekin River flow in Queensland [see also Lough, 2011] (Figure
1; location A); Vance et al.'s [2014] reconstruction of the IPO reconstruction based on Law Dome ice records
[Vance et al., 2014], linked to precipitation in region “B” (Figure 1); the Unified ENSO proxy (UEP) [McGregor
et al., 2010]; Gallant and Gergis's [2011] reconstruction of Murray-Darling streamflow (Figure 1; region C).
Wet and dry periods noted by McGowan et al. [2009] in their PDO-based reconstruction of headwater
inflows to the Murray River (Figure 1; location C) are also noted. There are clear differences among the
reconstructions that are likely related to complex interactions of the broadscale processes generating pre-
cipitation over eastern Australia, as well as the seasonal signature of the different reconstructions. For exam-
ple, an IPO signal is unlikely to be reflected in western Tasmanian summer streamflow because the
strongest IPO signal in Tasmanian streamflow records occurs in eastern and northern streams in winter
(Allen et al., submitted manuscript). In addition, given that the greater proportion of precipitation in SEA
falls in the winter-spring season, annual streamflow reconstructions for SEA [e.g., McGowan et al., 2009; Gal-
lant and Gergis, 2011] are unlikely to correlate strongly with summer flow reconstructions for western

Table 4. Calibration/Verification Statistics for the Nested Median Inflow Reconstruction (Figure 3)*

Nest Time Span No. Crns CRSQ CVRE VRSQ VRE VCE

1 1800-2007 12 0.33 0.255 0.489 0434 0.422
2 1720-2007 9 0.304 0.227 0412 0.322 0.308
3 1700-2007 8 0.311 0.231 0.379 0.276 0.257
4 1690-2007 6 0.257 0.183 0.454 0316 0.304
5 1560-2007 4 0.235 0.161 0411 0.278 0.265
6 1550-2007 3 0.208 0.133 0413 0.303 0.291
7 1530-2007 2 0.212 0.138 0.351 0.244 0.229
9 1207-2007 1 0.174 0.093 0.003 —0.097 -0.116

2With the exception of the first and last nests, the start years of each nest are rounded up to the next decade. This ensures there is at
least a decade between nests. No. crns refers to the number of chronologies included in each nest. Based on these point estimates, the
inflow reconstruction remains skillful until 1530 at which point both RE and CE fall below zero. Note the monotonic or almost mono-
tonic declines in values of CRSQ, CVRE, and VRSQ over successive nests. Neither RE nor CE decline in a monotonic manner. See also
Figure 4.
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Figure 4. Reconstruction interval statistics over time plotted with bootstrapped 90% confidence intervals. (3, ¢, e, g, and i) Streamflow
index and (b, d, f, h, and j) Burbury inflows. Horizontal dotted line at zero.

Tasmania. Furthermore, the spatial footprint of our DJ reconstructions is limited to western Tasmania
(Figures 6d and 6e). Notwithstanding the dominance of differences among reconstructions, some similar-
ities do exist. Our reconstructions, the Havannah coral and Murray River flow reconstruction all capture the
Federation drought, and Gallant and Gergis's [2011] record also indicates two periods of high flows in the
nineteenth century, also reflected in our record (Figure 6). There are some similarities in the seventeenth
century between our reconstructions and Vance et als [2014] IPO reconstruction. A strong commonality
among the Gallant and Gergis [2011], Hendy et al. [2003] and our record in the latter part of the twentieth
century is also apparent. These intermittent similarities among these records may reflect the relative impor-
tance of certain ocean-atmosphere processes at those times.

5. Comparison With Large-Scale Ocean-Atmosphere Processes
and Spectral Analysis

We calculated Pearson correlations between our reconstructions and indices of each of the ocean-
atmosphere phenomena outlined earlier in section 2.1. Our a priori expectation was that a relatively strong
relationship between summer SAM and the DJ streamflow (inflow) reconstructions in western Tasmania
would exist, but that relationships with other indices would be weak and nonsignificant. We also used the
Multitaper method [Percival and Walden, 1993] of spectral analysis (3 X 27 tapers) to look for any significant
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Figure 5. Box and whisker plots calculated for 50 year periods of the streamflow index and Lake Burbury inflow reconstructions. Whiskers
show the 10th and 90th percentiles and circles indicate outliers. Horizontal dashed line represents overall median of the reconstruction.

spectral signatures in our reconstructions that may be consistent with known spectral features of these
indices.

We found few significant or near significant correlations (p < 0.05) between the actual or reconstructed
streamflow index (inflow) and indices of broadscale processes (Table 5). Significant correlations with the
streamflow index or actual inflows were recorded for the IOD (inflow), Marshall SAM (SAM,) (actual inflow
and streamflow index) and SOI (streamflow index and both reconstructions). That the significant correlation
with the 10D occurs in summer, and for only one of the four series, casts some doubt on its validity when
the I0D’s predominant influence on precipitation is in the north/east of the state and for May to October
[Risbey et al., 2009]. Significant correlations between the SOI and each of our reconstructions and the
streamflow index are consistent with Grose et al.'s [2010] observation that the SOl is also an important influ-
ence on summer precipitation in western Tasmania (albeit to a lesser extent than SAM). There are strong
relationships between the relatively short SAMy, index and both actual inflow and the streamflow index
and significant (p < 0.1) relationships with the inflow reconstruction. Due to this, and previous work indicat-
ing the impact of SAM on summer precipitation in western Tasmania [Risbey et al., 2009], we examined rela-
tionships between our data and three longer SAM series that are available. The summer (DJF) Fogt index
(Jones et al. [2009] reconstruction (SAM,) extends back to 1865 while the Villalba et al. [2012] reconstruction
(SAMy) based on tree ring series from South America and New Zealand covers the 1409-2003 period. The
Visbeck index (2009; SAMyg) is based on station data. These additional comparisons produced conflicting
results. Correlations between the Fogt summer index and our series are highly significant while correlations
with Villalba et al's [2012] summer reconstruction are not (p < 0.05; Table 5). Correlations between SAMyg
and actual inflow and streamflow are significant (p < 0.05) while those with the reconstructions are not. It is
possible that the ambiguity of these results is related to the different seasonality of these SAM reconstruc-
tions compared to our data and/or that the ambiguity will decrease as additional wood properties chronolo-
gies become available and are incorporated into seasonal flow reconstructions. Significant negative
correlations between the SOI and each of the streamflow index and its reconstruction, coupled with signifi-
cant negative relationships between our data and SAM (SAMy,, SAM,, SAMy) would be consistent with the
positive association between warming in the eastern Pacific (cold-tongue ENSO) and the SAM in the austral
summer season [Lim et al., 2013; Vance et al., 2013].

The dominant periodicity (p < 0.01) in both our reconstructions occurs at 3.8 years (Figure 7). Other signifi-
cant (p < 0.05) periodicities in common between the two reconstructions include 2.3, 2.9, 3.1, and 5.6 years.
Because spectral analyses were performed only on the 1530-2007 period (477 years), it is not possible to
have even two realizations of a 256 year cycle in the period, and hence the significant 256 year periodicity
(streamflow) must be treated with great caution. With the exception of the 17.7 year periodicity, all signifi-
cant (p < 0.05) periodicities fall within the ENSO bandwidth, but are also consistent with periodicities found
in various SAM indices [Becagli et al., 2009; Yuan and Yonekura, 2011].
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Figure 6. (a—c) Plots of smoothed hydrological reconstructions for eastern Australia, Gaussian filter, n = 13. (a) Summer streamflow and inflow reconstructions for Tasmania and summer
Burdekin River flow (Queensland). (b) Summer streamflow and inflow reconstructions for western Tasmania and Vance et al.'s [2014] IPO reconstruction, and McGregor et al.'s [2010] UEP.
(c) Summer streamflow and inflow reconstructions for western Tasmania and Gallant and Gergis's [2011] Murray River flow reconstruction. Black: Tasmanian streamflow and inflow recon-
structions; red: Hendy et al.'s [2003] Havannah record; blue solid: Vance et al.'s [2014] IPO record; blue dashed: McGregor et al.'s [2010] UEP. Stars above (below) series indicate wet (dry
periods shown in McGowan et al.'s [2009]) reconstruction of annual inflows to the headwater catchments of the Murray River. Data sourced from T. Vance, NOAA National Climate Center
database (Great Barrier Reef Coral Luminescence Data, contribution Series 2005-032, 350, Unified ENSO Proxy Reconstruction, contribution Series 2010-015) and A. Gallant. (d) Correlation
between December and January streamflow reconstruction and GPCC gridded precipitation over southeastern Australia. (e) Correlation between December and January Lake Burbury
inflow reconstruction and GPCC gridded precipitation over southeastern Australia. Figures 3d and 3e constructed using the KNMI website (www.climexp.knmi.nl).

Table 5. Correlation Between Streamflow (Inflow) and Main Ocean-Atmosphere Processes Affecting Tasmania®

Streamflow Actual Inflow Actual
Index Reconstruction Streamflow Reconstruction Inflow
SOl —0.26* —0.26* —0.29* —0.23
10D —0.16 -031* —0.18 —0.22*
IPO 0.12 0.05 0.15 0.08
Bl 0.07 -0.10 0.00 -0.22
STR 0.12 —0.17 0.14 —0.06
SAMy, —0.18 —0.52%* —0.24 —0.55%*
SAM; —0.37%* —0.55%* —0.41% —0.60%*
SAMyg —0.15 —037** -0.19 —041%*
SAMym 0.18 —0.11 0.04 —-0.13

“One asterisk indicates significance at the p < 0.05 level, and two asterisks indicate significance at p < 0.01. SOl data were sourced
from www.bom.gov.au/climate/current/soihtm1.shtml; Marshall’'s SAM (SAMy) from http://www.nerc-bas.ac.uk/icd/gjma/sam.html; the
dipole index derived from the HADISST data at http://www.jamstec.go.jp/frsgc/research/d1/iod/; Folland’s IPO derived from HADSST2
data sourced from http://72.14.235.132/search?q=cache:7_aWJ8652VUJ: www.iges.org/c20c/IPO_v2.doc?interdecadal?pacific?oscilla-
tion?data?folland&cd=1&hl=en&ct=clInk&gl=au; and an updated version of Pook et al.'s [2006] Blocking Index (Bl) at 140° longitude
provided by M. Pook (CSIRO). The STRI was provided by Wasyl Drosdowsky (CSIRO) and its derivation is outlined in Drosdowsky [2005].
The summer (DJF) Fogt index (SAM)) is available from http://polarmet.osu.edu/ACD/sam/sam_recon.html). The SAMyy, is Villalba et al.
[2012] reconstruction and was provided by R. Villalba. SAM\; refers to the Visbeck [2009] index and data were provided by M. Visbeck.
Only concurrent correlations are shown because precipitation in western Tasmania is related to atmospheric anomalies that have little
persistence.
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order to avoid the most serious conse-

producer of approximately 60% of
Australia’'s renewable hydroenergy,
Tasmania’s water resources make a pivotal contribution to this goal. However, the ability of Hydro Tasmania
to supply more, or even the same amount, of hydroelectricity currently supplied, will depend in large part
on future climate. Hydro Tasmania’s storage capacity is currently located in western and central Tasmania
due to the high annual precipitation received by these areas. Water storages located on Tasmania’s Central
Plateau are generally at considerably higher elevation than more western storages. This means that power
stations fed by the central storages are higher capacity plants than those fed by storages at lower elevation
in the west. Projections of decreased precipitation in all seasons for central and northwestern Tasmania
[Mcintosh et al., 2005; Post et al., 2009; Viney et al., 2009; Bennett et al., 2010] and decreased summer stream-
flow in the west [Bennett et al.,, 2010] intimate that future reliance on summer storage in the west to buffer
some of the anticipated shortfall in electricity generation from the central storages may present significant
risks. Although it must be remembered that these models are essentially based on 80-100 years worth of
observational data, our reconstruction indicates that recent conditions have not been extreme and that
there have been both more extended periods of below average flow and much more severe dry periods in
the past (Figure 3f). Based on the reconstruction, it would be unwise to rely on the flexibility previously
offered by wet December-January periods in the west of the state. This has clear implications for long-term
planning and operations management, as well as future infrastructure construction projects. While Chiew
et al. [2011] have suggested that recent declines in runoff since the 1990s may signal a departure from his-
torical conditions, they may simply represent a transition to drier conditions similar to those that have
existed in the past for sustained periods of time.

Although our reconstructions imply that December-January conditions over the past two centuries have
generally been wetter than average, they do not provide any information about the hydroclimate of the
remaining seasons. Winter precipitation is projected to increase in western Tasmania [Bennett et al., 2010],
and the bulk of precipitation in western Tasmania falls in the winter-spring season. Projected seasonal
changes in the distribution of precipitation [Chiew et al., 2014] are likely to have implications for the size
and location of future infrastructure development for the generation of hydroelectricity as well as seasonal
regulation of impoundment storage levels. There is, therefore, a pressing need for paleohydrological recon-
structions of winter-spring hydroclimate to help improve our understanding of its variability over the past
500 years. Ultimately, such long seasonal reconstructions are also likely to provide useful information con-
cerning variability in large-scale ocean-atmosphere processes (e.g., SAM, ENSO, STRI, IOD) that drive the
hydroclimate of the region [cf. Villalba et al., 2012]. Wood properties chronologies sensitive to winter-spring
precipitation (Allen et al., submitted manuscript) are currently being developed from the four long-lived
Tasmanian conifers to address this need.

Most other hydrological reconstructions have been developed for regions in which moisture availability is
more limiting to growth than in western Tasmania. Therefore, our reconstructions, based heavily on wood
properties rather than ring width (Table 2), represent a major step forward, indicating that even for mesic
areas like Tasmania it is possible to produce multicentennial verified hydrological reconstructions. As such,
they offer much needed long-term information to water managers and planners that is currently unavail-
able from ring width chronologies. Our work is part of a growing effort to use information other than solely
ring widths in tree rings to develop long temperature or hydroclimate reconstructions [Evans and Schrag,
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2004; Treydte et al., 2006; Brienen et al., 2012; Matisons et al., 2012; Allen et al., 2013; Olana et al., 2013]. Use
of these alternative properties is likely to make available a greater variety of information about past environ-
mental conditions, and from a much greater environmental gradient. Current rapid climatic changes inten-
sify the need to better understand past hydrological conditions in order to incorporate them into
quantitative management decision-making frameworks. This need is no less critical in mesic than in arid
environments, particularly when large human populations located in these more mesic environments, like
SEA, depend on them for domestic and industrial water supplies, agricultural production, recreation, and
electricity production.

That we have been able to produce a subannual reconstruction, and preliminary results (Allen et al., submit-
ted manuscript) indicate that reconstructions for other seasonal windows will be possible, is an important
breakthrough in a region for which the impacts of the large-scale ocean-atmosphere processes are often
simultaneously seasonally and geographically defined [Murphy and Timbal, 2008; Risbey et al., 2009]. It is all
the more significant when decisions in various sectors of the economy must take account of seasonal pro-
jections and is similarly important from an ecological management perspective. Our December-January
flow reconstructions are therefore, a first step to providing a much more complete climate history for the
SEA region.
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