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A B S T R A C T

Study region: South East Queensland (SEQ), Australia.
Study focus: Decision makers in the water sector need to deal with uncertainty about the impacts
of climate variability and change. Identifying solutions for hydroclimatic risk adaptation stra-
tegies that are both optimal and robust in the presence of this uncertainty presents a difficult
challenge. The instrumental hydroclimatic record in Australia is short (∼60−120 years de-
pending on location and variable), and fails to encompass enough climate variability to allow the
calculation of robust statistics around the baseline risk of extreme events (i.e. multi-year
droughts, decadal periods with clustering of major flood events). This paper (i) demonstrates how
palaeoclimate data can be used to better understand what is possible with respect to drought
frequency and duration in South East Queensland (SEQ), Australia and (ii) investigates some
implications from palaeoclimate data for drought planning, drought management and water
security decision making.
New hydrological insights for the region: The instrumental period is not representative of the full
range of past climate variability. Droughts worse than those in the instrumental record are not
only possible, but likely, and the probability of conditions drier than the worst on instrumental
record is not zero. This means that current drought risk estimates are at best misleading and
probably convey a false sense of security that is not justified given the insights now available
from palaeoclimate data.

1. Introduction

Australia is the driest inhabited continent in the world. The Millennium drought (e.g. van Dijk et al., 2013; Kiem et al., 2016)
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affected most of eastern Australia from ∼1997−2009 and led to billions of dollars of investment to attempt to secure water supplies
(e.g. desalination plants in Melbourne, Sydney and the Gold Coast). Despite these significant investments, we still do not know the
true chance of a severe water supply shortage occurring or how reliable existing water supply infrastructure will be in preventing
future water shortages. The implications of getting this wrong, and the importance of getting it right, are illustrated by the recent
(January 2018) situation in Cape Town, South Africa, where four million people were within three months of running out of water.
These uncertainties about existing water security are compounded by the fact that we do not know where, when or how multiyear
droughts that typically cause water supply shortages will change in the future (e.g. Sheffield et al., 2012; Van Loon, 2015; Kiem et al.,
2016).

Since the 1980s it has been standard practice for water supply agencies to use stochastic models to generate synthetic hydro-
climate sequences that preserve the key statistics contained in the observed/instrumental hydroclimate data (usually rainfall, po-
tential evapotranspiration (PET) and streamflow). These synthetic hydroclimate sequences are then input into water supply system
simulation models to assess the risk of the supply system storage dropping below key thresholds. The synthetic hydroclimate se-
quences are also used to develop water supply system operating rules, test different environmental flow strategies, and test and
optimise long-term water resource infrastructure plans. While high-quality water supply system simulation models are critically
important, their ability to determine water supply risks largely depends on the quality and length of the observed/instrumental
hydroclimate data. This is a major limitation in Australia, where observed hydroclimate records are at best only ∼120 years long (i.e.
from ∼1900 to present) but are typically less than ∼60 years long. This is a significant problem for Australian water supply agencies
that are required to plan for 1-in-1000 to 1-in-10,000 year droughts, because (i) the instrumental records only contain three major
droughts – the Federation, World War II, and Millennium droughts (e.g. Verdon-Kidd and Kiem, 2009) and (ii) it is highly likely that
past (i.e. pre-1900) droughts were more severe and of substantially longer duration than those observed in the last ∼120 years (e.g.
Palmer et al., 2015; Vance et al., 2015; Tozer et al., 2016).

In short, we simply do not know how reliable existing water supply systems are. Berghout et al. (2017) recently demonstrated this
by showing that relying on short instrumental records leads to significant uncertainty in estimates of current and future water supply
system yield and reliability (see Fig. 1). This uncertainty far exceeds the influences of choices made by water managers in the
modelling and operation of water supply systems. Importantly, the Berghout et al. (2017) study focussed on a catchment with only
moderate year-to-year variability – the uncertainty would be significantly greater for systems with higher year-to-year variability
(e.g. catchments in Queensland).

The uncertainties associated with using short instrumental records are compounded because eastern Australia is subject to
decadal epochs of enhanced/reduced drought frequency that is strongly related to large-scale ocean-atmosphere circulation patterns
such as the El Niño/Southern Oscillation (ENSO) and Interdecadal Pacific Oscillation (IPO) (Power et al., 1999; Kiem and Franks,
2004; Vance et al., 2015). Importantly the probability of water supply shortages are significantly elevated (i.e. 20 times greater) when
IPO is positive compared to when IPO is negative (Kiem and Franks, 2004). Despite these insights into physical mechanisms that
deliver hydroclimatic extremes to eastern Australia, the practical implications of time-varying risks of extreme climate events (in-
cluding drought and water supply shortage), and how best to deal with them, are presently unclear (Kiem et al., 2016; Johnson et al.,
2016). This is at least partially due to the fact that existing instrumental records do not capture enough cycles of multidecadal
variability to give realistic insights into what is plausible.

These realities require a paradigm shift from current practice that assumes probability models calibrated to short instrumental
records realistically account for the worst droughts possible and that the chance of water supply shortages does not change over time.
These assumptions are clearly incorrect, and leave water supply managers without the tools to properly deal with multidecadal
climate variability. Numerous sources of pre-instrumental (palaeoclimate) data (e.g. tree-rings, corals, speleothems and ice cores)
have emerged over the last decade (refer to Section 4.2 and the Supplementary Material associated with Kiem et al. (2016) for a
detailed review and comparison of existing palaeoclimate information relevant to drought in Australia). These can extend hydro-
climatic records by centuries or millennia, which could be of great value to water resources managers and planners.

This study (i) demonstrates how palaeoclimate data can be used to better understand what is possible with respect to drought
frequency and duration in SEQ, Australia and (ii) provides recommendations for how insights from palaeoclimate data could be used
to improve water security planning and decision making. While other sources of palaeoclimate data exist that could be used to gain
insights into pre-instrumental drought frequency and duration in SEQ, our focus is the Law Dome (East Antarctica) (Fig. 1) ice core-
based climate proxy because of (i) the absence of local, high resolution palaeoclimate proxies for the study catchments and (ii) the
significant relationship between Law Dome summer sea salt concentration record (LDSSS) and rainfall variability in SEQ (Vance et al.,
2013, 2015). The LDSSS is derived from chemical analysis of an ice core drilled at Law Dome (Fig. 1). Law Dome has a high annual
snowfall rate which produces identifiable layers in the ice core which correspond to annual and seasonal scale climate signals (e.g.
Curran et al., 2003; Masson-Delmotte et al., 2003; van Ommen and Morgan, 2010; Vance et al., 2013, 2015). The LDSSS-SEQ rainfall
relationship is due to ENSO and IPO being a major influence on interannual variability in Antarctica and the Southern Ocean (Turner,
2004; Schneider et al., 2012; Vance et al., 2013, 2015; Meehl et al., 2019) and SEQ (e.g. Gallant et al., 2012; McMahon and Kiem,
2018). This low to high latitude link that results in coherent signals of southwest Pacific and southern Indian Ocean atmospheric
variability being preserved in snowfall deposited on the Antarctic continent (Masson-Delmotte et al., 2003; Vance et al., 2016) also
preserves a record of rainfall in eastern Australia (Vance et al., 2013, 2015). The LDsss palaeoclimate proxy is also used because it is
annually resolved, accurately dated and significantly longer than other palaeoclimate proxies (of similar temporal resolution) used in
Australia. This makes the LDsss record useful for hydroclimate studies where accurate event timing and high temporal resolution (i.e.
annual or seasonal or better) are needed.
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2. Study location and rainfall data

The focus of this study is Lockyer Creek, Stanley River and Upper Brisbane River catchments in SEQ (see Fig. 2). These catchments
were identified as important by the relevant decision makers and infrastructure operators (i.e. Seqwater and the Queensland De-
partment of Environment and Science (DES) (which was the Queensland Department of Science, Information Technology and In-
novation (DSITI) when this work commenced).

Rainfall data for the study catchments was obtained from high quality (HQ) Australian Bureau of Meteorology (BOM) rainfall
gauges in the region and from the Australian Water Availability Project (AWAP, http://www.bom.gov.au/climate/change/about/
rain_timeseries.shtml). The AWAP dataset uses topography-resolving analysis methods applied to all available monthly rainfall data
passed by a series of internal quality tests to produce gridded monthly rainfall data from 1900 to present at a resolution of ap-
proximately 5 km x 5 km (Jones et al., 2009). Both gauged and gridded data are used because (i) HQ rainfall gauge records have
minimal missing data and show no spurious trends or inhomogeneity (Lavery et al., 1997) whereas gridded data is known to be
associated with biases and uncertainty (e.g. Tozer et al., 2012; King et al., 2013) and ii) the focus is on water security planning which
requires understanding of hydrological conditions across catchments (and the wider SEQ region) more so than insights into rainfall
variability at individual gauge locations. Hence, given the strengths and weaknesses associated with the two sources of rainfall data

Fig. 1. Location of Law Dome, East Antarctica, in relation to Australia and the South East Queensland (SEQ) study area that is the focus of this paper.
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we present results for both.
HQ rainfall gauges with longer records (e.g. ∼100 years) are preferred as it enables inclusion of a wider range of climate extremes

(wet and dry periods) from the instrumental period and allows better assessment of decadal statistics (e.g. associated with IPO
phases). The only suitable HQ gauge within the selected catchments is Gatton (40,082) but two other HQ gauges were found in
adjacent catchments and these were also used for some parts of the analysis (see Table 1 for further information about the selected
HQ gauges). All three gauges had no missing data between the commencement of observations and 2012 (where 2012 is the end of
the study period).

3. Methodology used to reconstruct pre-instrumental rainfall for study locations and catchments

In Australia, and many other places around the world, short instrumental climate records (∼120 years at best), which are
currently used to develop catchment management plans and design water infrastructure, do not capture the full range of climate
variability that is possible (e.g. Palmer et al., 2015; Vance et al., 2015; Tozer et al., 2016). Hence, there is a clear need to incorporate
palaeoclimate information into water security planning and decision making. However, in Australia there is a dearth of in situ high
resolution (i.e. annual or seasonal temporal scale) palaeoclimate records, particularly in catchments that are critical for water supply
to key urban areas. One option to deal with this issue is to use remote palaeoclimate proxies that have a teleconnection with the
catchment of interest. This means that there is a mechanistic link between the target catchment’s climate and the climate at the
location of the proxy. As explained in the Introduction, for this study the remote palaeoclimate proxy used is the LDSSS (Vance et al.,
2013, 2015).

The methodology used to develop the rainfall reconstructions from the LDSSS record is summarised below:

• The Pearson correlations between annual rainfall (calculated for different 12-month aggregation periods) and LDSSS were

Fig. 2. Location of the catchments investigated in this study. The locations of the high quality (HQ) rainfall gauges used are also shown.

Table 1
Details of high quality (HQ) gauged rainfall data used in this study (Source: Australian Bureau of
Meteorology (BOM)).

Gauge Name (Number) Start Elevation (m)

Gatton (40082) Jan 1899 89
Harrisville PO (40094) Jan 1897 58
Doctors Creek (41024) Jan 1906 612
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calculated for the HQ gauges listed in Table 1. Non-linear approaches were also tested (e.g. log transform, cube root transform)
and no major differences or improvements in the relationship between annual rainfall and LDSSS were found – hence the re-
constructions shown in this paper are based on a linear regression model.
• Pearson correlations between rainfall and LDSSS were also calculated for time subsets based on different IPO phases to assess the
stationarity and decadal variability of the relationship. The instrumental IPO index is as described in Parker et al. (2007). The IPO
index is stratified into phases according to a threshold of +/-0.5 where an index value greater than 0.5 (less than -0.5) is
indicative of a positive (negative) phase (Power et al., 1999; Kiem et al., 2003). Following this definition IPO positive phases are
1924−1941 and 1979−1997 while 1947−1975 is IPO negative. Additionally, we assessed IPO phases given in Meehl et al.
(2016) which correspond to 1910−1941 and 1971−1995 (positive) and 1941−1971 and 1995−2013 (negative).
• The 12-month aggregation period that provided the highest correlation between rainfall recorded at the HQ gauges and LDSSS was
selected.
• 1013-year rainfall records were then reconstructed for each HQ gauge and each AWAP grid within each study catchment by
rescaling the LDSSS record to match the median and interquartile range of the relevant gauged/gridded data (refer to Tozer et al.
(2016) for further details on the rescaling approach).
• 1013-year catchment average rainfall reconstructions were then calculated by averaging the data for the AWAP grids within each
of the study catchments.

4. Results

4.1. Rainfall reconstructions for the study gauges and catchments

Table 2 shows the Pearson correlation values between LDSSS and rainfall totals recorded at the selected HQ gauges for the
January-December, May-April and July-June 12-month periods for the whole period that HQ gauge and LDSSS data was available and
also for different phases of IPO. Three different 12-month aggregation periods are considered because January-December aggregated
rainfall was used in the Vance et al. (2013) analysis, May-April is the water year used by Klingaman et al. (2013) in their assessment
of rainfall variability in Queensland, and July-June is the traditional water year used for hydrological studies in the SEQ region. The
results show that, the January-December year is the 12-month aggregation most often associated with the strongest correlation,
followed by May-April and July-June. As such, rainfall reconstructions were developed using statistics from January-December
aggregated rainfall.

Table 2
Pearson correlations between LDSSS and “annual” rainfall totals (for different 12-month periods) recorded at HQ gauges
within the study region. Bold font indicates correlations that are statistically significant at the 5% level. IPO phases are
based on Power et al. (1999).
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Pearson correlation values between LDSSS and January-December AWAP catchment average rainfall for the three selected
catchments are provided in Table 3 for the whole period that AWAP and LDSSS data was available (1900−2012) and also for different
phases of IPO (defined according to both Power et al. (1999) and Meehl et al. (2016)). Fig. 3 shows the spatial correlation between
January-December AWAP rainfall and LDSSS across the three selected catchments.

Fig. 3a shows that, according to Mudelsee bootstrapping method (Mudelsee, 2003), correlations between LDSSS and January-
December AWAP rainfall are statistically significant at the 5% level for all three study catchments. Also, Table 2 and Table 3 show
that, as previously reported in Vance et al. (2013), there is IPO-related non-stationarity in the relationship between rainfall and LDSSS.
The SEQ rainfall-LDSSS correlation is stronger in IPO positive phases than it is in IPO negative phases. This is also evident in Fig. 4
which shows the running 13-year correlation between annual (January-December) rainfall recorded at each HQ gauge and LDSSS
(Fig. 5 shows the same for AWAP catchment average rainfall and LDSSS). In both Figs. 4 and 5 correlations clearly increase in the
positive IPO phases and decrease when the IPO is negative. Vance et al. (2015, 2016) showed that the southern Indian Ocean is
typically in a meridional (i.e. north-south) pressure pattern in IPO positive phases relative to a more zonal pattern (west-east) in IPO
negative phases and it is thought that this meridional pattern enhances the link between Australia and Law Dome, which explains the
stronger relationship in IPO positive phases. The dynamics underlying the decadal shift from meridional to zonal patterns in the mid-
latitudes south of Australia that produces this enhanced preservation of subtropical climate signals in the snowfall of East Antarctica
is an area of active research. It may be related to synergies between ENSO phase and the Southern Annular Mode (e.g. Fogt et al.,
2011; L’Heureux and Thompson, 2006), the previously mentioned IPO influence at high southern latitudes (e.g. Meehl et al., 2019)
and/or the variability in springtime polar stratospheric-tropospheric coupling (Lim et al., 2018).

The above results show that despite some, apparently IPO-related, non-stationarity, the relationship between LDSSS and January-

Table 3
Pearson correlations between LDSSS and annual (Jan-Dec) AWAP catchment average rainfall for selected catchments.
Bold font indicates correlations that are statistically significant at the 5% level. IPO phases are based on both Power
et al. (1999) and Meehl et al. (2016).

Fig. 3. Correlation between LDSSS and (a) January-December, (b) May-April, (c) July-June AWAP rainfall (1900-2012).
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December rainfall totals in the study catchments is statistically significant across the whole instrumental period. Therefore, the LDSSS
record was used to produce 1000−2012 (1013-year) annual (January-December) reconstructions for rainfall at Gatton (40082) and
catchment average rainfall for the three study catchments (following the process summarised in Section 3). The annual and 10-year
smoothed reconstructions for Gatton (40082) are shown in Fig. 6. Fig. 6 also highlights some dry and wet epochs present in the
Gatton (40082) rainfall reconstruction. Only Gatton (40082) is shown because the dry/wet epochs are similar for the other HQ
gauges and for the three study catchments.

Fig. 4. 13-year running correlation between rainfall recorded at the three HQ gauges used in this study and LDSSS. Red panels indicate IPO positive
phases given in Meehl et al. (2016) and pink panels indicate IPO positive phases given in Power et al. (1999). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

Fig. 5. 13-year running correlation between AWAP catchment average rainfall and rainfall at Gatton (40082) and LDSSS. Red panels indicate IPO
positive phases given in Meehl et al. (2016) and pink panels indicate IPO positive phases given in Power et al. (1999). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article).
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4.2. Pre-instrumental drought frequency and duration

From Fig. 6 it is clear that while the instrumental period (post-1900s period) is relatively dry there are other periods that are as
dry or drier for just as long or longer (e.g. the ∼1100−1250 period). In addition, long wet periods are also evident (e.g.
∼1400−1650 and ∼1750−1900).

Table 4 shows the dry epochs in the 1013-year Gatton (40082) annual (January-December) rainfall reconstruction (based on years
below the 1900−2012 mean). The instrumental period (1900−2012) is used as the reference period as this is what is currently used

Fig. 6. 1013-year reconstructed annual (January-December) and 10-year Gaussian smoothed rainfall for Gatton (40082) HQ gauge. Multidecadal
wet (blue circles) and dry (red circles) periods are indicated. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).

Table 4
Identification of dry epochs for Gatton (40082) HQ gauge for a) years below mean and b) years defined as per Eq. 1. Mean (773.7 mm) and standard
deviation (193.8 mm) calculated over the 1900-2012 instrumental period. Only epochs with four or more consecutive ‘dry’ years are listed.

a. Dry Epoch defined as < mean rainfall b. Dry Epoch defined as per Equation 1

1000−1100 (1000s)
1005−1009 (5), 1016−1019 (4), 1028−1032 (5),

1044−1050 (7), 1089−1093 (5)
1005−1009 (5), 1016−1019 (4), 1021−1026 (6),
1028−1032 (5), 1044−1050 (7)

1067−1071 (5), 1073−1076 (4),
1079−1082 (4), 1089−1093 (5)

1100−1200 (1100s)
1105−1113 (9), 1123−1130 (8), 1141−1146 (6),

1193−1204 (12)
1105−1113 (9), 1117−1133 (17), 1141−1146
(6), 1149−1156 (8)

1159−1163 (5), 1167−1174 (8),
1189−1204 (16)

1200−1300 (1200s)
1206−1210 (5), 1215−1223 (9), 1225−1231 (7),

1256−1261 (6), 1278−1282 (5)
1206−1210 (5), 1212−1223 (12), 1225−1231
(7), 1238−1242 (5)

1244−1250 (7), 1256−1261 (6),
1277−1283 (7), 1295−1298 (4)

1300−1400 (1300s)
1309−1313 (5), 1399−1402 (4) 1308−1313 (6), 1331−1334 (4), 1339−1342 (4),

1371−1374 (4)
1376−1380 (5), 1386−1389 (4),
1398−1406 (9)

1400−1500 (1400s)
1464−1467 (4) 1451−1455 (5), 1457−1461 (5) 1464−1467 (4), 1473−1476 (4)
1500−1600 (1500s)
1516−1519 (4) 1506−1510 (5), 1512−1521 (10) 1536−1539 (4)
1600−1700 (1600s)
1631−1635 (5), 1647−1650 (4), 1660−1664 (5) 1630−1635 (6), 1647−1650 (4), 1660−1664 (5)
1700−1800 (1700s)
1701−1704 (4), 1742−1745 (4), 1747−1753 (7),

1763−1766 (4)
1701−1704 (4), 1717−1721 (5), 1725−1733 (9),
1742−1745 (4)

1747−1756 (10), 1761−1766 (6),
1778−1782 (5), 1794−1797 (4)

1800−1900 (1800s)
1827−1830 (4) 1819−1824 (6), 1827−1830 (4) 1886−1889 (4)
Instrumental period (1900−2012)
1935−1938 (4), 1984−1987 (4), 2000−2007 (8) 1918−1923 (6), 1935−1938 (4) 1984−1987 (4), 2000−2007 (8)
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in practice. In addition, following the reasoning and sensitivity analysis presented in Section 5.4 of Tozer et al. (2016), we identify
‘not wet’ periods based on Eq. 1:

= < + ×not wet years where rainfall mean standard deviation0.3 (1)

Eq. 1 allows identification of epochs that are generally dry even though some years within the epoch may experience slightly
above average rainfall but not enough to break a drought (i.e. total annual rainfall only 0.3 standard deviations above average is not
considered enough to break a drought).

Note that in Table 4 only epochs with four or more consecutive ‘dry’ years are listed. This was a decision informed by discussions
with industry stakeholders involved in this work but can easily be adjusted (i) depending on what stakeholders consider to be a
serious drought (i.e. how many consecutive years without significant rainfall) or (ii) to test a variety of different drought metrics, a
range of drought durations, and/or different operational plans.

The key findings from Table 4 are:

• Some centuries are drier than others (e.g. there are few dry periods in the 1400s, 1500s and 1800s relative to the 1000s, 1100s,
1200s and 1700s).
• Although long dry periods are evident in the instrumental period, they are not unprecedented and the longest dry period in the
instrumental record (8 years from 2000−2007) has actually been matched or exceeded several times prior to 1900.

In addition to the drought epochs shown in Table 4, drought epochs were also identified for Gatton (40082) HQ gauge based on
the methods presented in Biondi et al. (2005, 2008). This involves defining drought epochs relative to above/below median rainfall
and then ranking the drought epochs depending on their duration and intensity (total rain during the epoch divided by duration)
(Table 5) or their duration, intensity and peak, where peak is the lowest annual rainfall during the drought (Table 6). Again the
results show that the 1100−1200s dominate the dry periods. Also evident is that varying dry epoch definitions result in different
rankings but irrespective of the way you define drought the instrumental record only includes three of the worst 10 droughts in the
last 1000 years and the worst drought that has occurred in the instrumental record (1968–1971) is not in the worst five from the last
1000 years.

Table 5
Worst 10 drought epochs at Gatton (40082) HQ gauge over the 1000-2012 reconstruction period. Drought ranking based on drought duration and
intensity (total rain during the epoch divided by duration).

Epoch Start Year Epoch End Year Duration (Years) Intensity (mm/year) Peak (mm) Score*

1193 1204 12 590.2 238.8 392
1256 1261 6 580.1 322.0 385
1747 1753 7 591.9 382.9 382
1105 1113 9 609.6 15.1 381
1660 1664 5 596.7 481.1 369
1176 1178 3 436.8 161.8 364
1968 1971 4 565.6 356.8 363
1005 1009 5 612.3 405.3 362
1935 1942 8 638.3 471.2 360
2003 2007 5 620.0 370.5 358

* Score is the sum of the ranks (i.e. periods are individually ranked in descending order for duration and intensity and then aggregated so the
higher the score the worse the drought).

Table 6
Worst 10 drought epochs at Gatton (40082) HQ gauge over the 1000-2012 reconstruction period. Drought ranking based on drought duration,
intensity (total rain during the epoch divided by duration) and peak (lowest annual rainfall during the drought).

Epoch Start Year Epoch End Year Duration (Years) Intensity (mm/year) Peak (mm) Score*

1193 1204 12 590.2 238.8 610
1105 1113 9 609.6 15.1 604
1256 1261 6 580.1 322.0 592
1176 1178 3 436.8 161.8 585
1747 1753 7 591.9 382.9 575
1968 1971 4 565.6 356.8 565
1244 1246 3 507.6 291.0 563
1973 1981 9 646.1 340.7 558
2003 2007 5 620.0 370.5 556
1057 1059 3 504.7 345.7 556

* Score is the sum of the ranks (i.e. periods are individually ranked in descending order for duration, intensity and peak and then aggregated so
the higher the score the worse the drought).
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4.3. Comparison of drought statistics calculated using the instrumental record versus the palaeoclimate data

Table 7 compares, for the Gatton (40082) HQ gauge, some important statistics obtained from the instrumental (1900−2012)
record of annual (Jan-Dec) rainfall and the 1000−2012 reconstruction of annual (Jan-Dec) rainfall. It is immediately obvious that for
every statistic considered there are substantial differences between the statistics derived from the relatively short instrumental record
and the statistics derived from the longer 1000−2012 reconstruction. For example, the mean in the 1000−2012 reconstruction is 10
% higher than the 1900−2012 mean, the standard deviation is 28 % higher, the maximum annual total is 36 % higher, and the
minimum annual total is 96 % lower.

Some of these differences are to be expected given the different sample sizes being considered. Therefore, the average and
standard deviation for each 113 year period (i.e. equal to the number of years in the 1900−2012 instrumental record) in the
1000−2012 reconstruction is calculated and compared with the mean and standard deviation from the instrumental (1900−2012)
period (Fig. 7). Again, it is clear that the instrumental and pre-instrumental statistics are very different. From Table 7, the average in
pre-instrumental 113 year periods was between 26 % higher and 9% lower than the average over the instrumental 1900−2012
period. Similarly, the standard deviation in pre-instrumental 113 year periods was between 4% and 44 % higher than the standard
deviation over the 1900−2012 instrumental period. From Fig. 7a, the fact that the instrumental mean is below the box means that at
least 75 % of the other 113 year means from 1000−2012 are greater than that observed in the instrumental 113 year period. For
standard deviation (Fig. 7b) the results are even more glaring, with instrumental standard deviation lower than almost all of the other
113 year standard deviations from 1000−2012 (i.e. the standard deviation observed in the instrumental 113 years is a statistical
outlier in terms of how low it is). In summary, Table 7 and Fig. 7 again emphasises that the 1900−2012 instrumental record
underestimates (or at least misrepresents) the full range of rainfall variability that has occurred, and is possible, in SEQ.

Table 7
Comparison of important statistics obtained from the instrumental (1900-2012) record of annual (Jan-Dec) rainfall and the 1000-2012 re-
construction of annual (Jan-Dec) rainfall for the Gatton (40082) HQ gauge.

Statistic Instrumental (1900−2012) Reconstruction (1000−2012)

Mean 773.7 848.5
Standard deviation 193.8 247.8
Maximum 1241.4 1686.4
Minimum 354.5 15.1
Max of the 113 moving averages for 1000−2012 773.7 971.9
Min of the 113 moving averages for 1000−2012 773.7 702.0
Max of the 113 standard deviations for 1000−2012 193.8 278.4
Min of the 113 standard deviations for 1000−2012 193.8 201.1
Max consecutive years below mean 8 (2000−2007) 12 (1193−1204)
Max consecutive years below mean + 0.3*SD 8 (2000−2007) 17 (1117−1133)
Maximum drought duration (where drought is defined as volume of rain > 20 % below

average)
11 (1997−2007) 87 (1175−1261)

Maximum drought duration (where drought is defined as volume of rain > 30 % below
average)

4 (2000−2003) 12 (1189−1200)

Maximum drought duration (where drought is defined as volume of rain > 40 % below
average)

2 (1918/19, 1922/23, 1993/94) 6 (1176−1181, 1193−1198)

Fig. 7. Distribution of (a) 113 year means and (b) 113 standard deviations obtained from the 1000-2012 reconstruction and compared with the mean and
standard deviations from the instrumental (1900-2012) (blue square) and the reconstructed (1000-2012) (red diamond) rainfall for Gatton (40082) HQ
gauge. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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4.4. Implications of palaeoclimate insights for drought planning, drought management and water security decision making

Fig. 8 shows the differences between the instrumental and reconstructed records in another way to indicate how insights from
palaeoclimate data might be incorporated in drought planning, drought management and water security decision making. Consistent
with the results already presented, Fig. 8 shows that clear differences exist between the mean and standard deviation of 1, 2, 3, 5 and
10 year annual (Jan-Dec) rainfall totals at Gatton (40082) HQ gauge. The mean from the full reconstruction period (1000−2012) is
∼10 % higher than the 1900−2012 mean for all multi-year periods investigated. However, critical for understanding and dealing
with drought and other extremes, the reconstructed standard deviation is 28 %, 36 %, 46 %, 45 %, and 48 % higher for 1, 2, 3, 5 and
10 year rainfall totals respectively. These differences would result in markedly different outputs from stochastic climate modelling
using the two different inputs (i.e. instrumental and reconstructed). Further, the hydroclimatic risk profiles, robustness and cost-
benefit of various water resources planning and adaptation strategies would also be very different if statistics from the 1000−2012
reconstructed rainfall were used instead of (or in addition to) the 1900−2012 instrumental record.

Fig. 9 uses the multi-year rainfall totals summarised in Fig. 8 to show how estimates for the probability of multi-year droughts of
different durations (and different magnitudes) change depending on whether the instrumental (1900−2012) or reconstructed
(1000−2012) annual rainfall from the Gatton (40082) HQ gauge is used. Again, Fig. 9 shows that for all durations and magnitudes
the instrumental record misrepresents the probability of drought. Fig. 10, puts this into context by showing that the instrumental
record always underestimates the probability of drought. In other words, irrespective of the multi-year period or drought magnitude
being investigated the probability is always higher when the reconstruction record is used, demonstrating again that the instrumental
record does not properly capture the full range of variability that has occurred or is possible. Also important to note is that, according

Fig. 8. (a) Mean and (b) standard deviation of 1, 2, 3, 5 and 10 year annual (Jan-Dec) rainfall totals at Gatton (40082) HQ gauge obtained from the
instrumental (1900-2012) and reconstructed (1000-2012) records. (c) shows the percentage change in mean and standard deviation when the full
reconstruction is compared with the instrumental (i.e. 100 x (reconstructed – instrumental) / reconstructed).

Fig. 9. Probability of multi-year droughts of different durations calculated using the instrumental (1900-2012) and reconstructed (1000-2012)
annual rainfall from the Gatton (40082) HQ gauge. Drought is defined as a multi-year period where the total volume of rainfall over that period is
(a) 20 % less than average, (b) 30 % less than average, (c) 40 % less than average.
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to the instrumental record, 5- and 10-year periods associated with 30 % less rainfall overall are not possible (i.e. probability = 0) but
Fig. 10c shows that these conditions have occurred before and while it is true they are rare (probability of 2.5 % and 0.4 %
respectively) the consequences of such events are high. Similar can be said about the 3- and 5-year periods associated with 40 % less
rainfall overall. Since risk is a function of likelihood and consequence this means that current drought risk estimates, determined
using the instrumental record or using stochastic generation based only on statistics from the instrumental record, are at best mis-
leading and probably convey a false sense of security that is not justified given the insights now available from palaeoclimate data.

5. Conclusions

This study demonstrated how palaeoclimate data can be used to supplement instrumental data to get (i) a better understanding
into the range of variability that is possible and (ii) more realistic estimates for the likelihood of multi-year droughts.

The key findings were:

• Some centuries are drier than others (e.g. there are few dry periods in the 1400s, 1500s and 1800s relative to the 1000s, 1100s,
1200s and 1700s).
• The 2000−2007 SEQ drought has almost certainly been exceeded many times over the past 1000 years.
• Droughts worse than those seen in the instrumental record are not only possible, but likely.
• The probability of conditions much drier than the worst on instrumental record is not zero.
It is acknowledged that there are uncertainties associated with palaeoclimate data (e.g. Zhang et al., 2018). Some sources of these

uncertainties include: non-stationarities in how the climate teleconnections operate when using remote palaeoclimate proxies such as
the LDsss used here (e.g. Gallant et al., 2013); dating error prior to the pre-instrumental record which can affect event duration; the
potential to over interpret palaeoclimate proxy records that only explain a percentage of the actual variability in any given region;
and the temporal resolution of the palaeoclimate proxy. In addition, a limitation of this study is that only one source of palaeoclimate
information was used (the LDsss palaeoclimate proxy from Vance et al. (2015)). However, it should be noted that insights about
timing and duration of IPO phases and associated dry/wet epochs emerging from the Vance et al. (2015) palaeoclimate proxy have
subsequently been verified in other independent studies – one from a low resolution local hydroclimate proxy from the SEQ region
(Barr et al., 2019) and an entirely independent tropical Pacific tree ring reconstruction of the IPO (Buckley et al., 2019). These more
recent studies add to the multiple lines of evidence, including that presented here, that suggest that the instrumental period is not
representative of the full range of past climate variability in SEQ. For every statistic considered the full reconstruction periods
(1000−2012) gave very different results to that obtained if only the instrumental (1900−2012) period is considered. These dif-
ferences would result in markedly different outputs from stochastic climate modelling using the two different inputs (i.e. instrumental
and reconstructed). This means that current drought risk estimates, determined using the instrumental record or using stochastic
generation based only on statistics from the instrumental record, are at best misleading and probably convey a false sense of security
that is not justified given the insights now available from palaeoclimate data.

Ongoing research that builds on this study is being conducted to collect, develop and compare different palaeoclimate records
(remote and local proxies) relevant to hydroclimatic conditions in eastern Australia. Where there is agreement on certain aspects (e.g.
timing, duration and frequency of dry epochs) then this information is used to better understand, quantify and manage drought risk.
However, disagreements and inconsistencies also exist across the different sources of palaeoclimate information so research is also
being conducted to develop approaches that explicitly account for the presence of errors and uncertainties in the palaeoclimate
records with the aim being to maximise the practical usefulness of palaeoclimate information for drought planning, drought man-
agement and water security decision making.

Fig. 10. (a) Percentage difference (100 x (reconstructed – instrumental) / reconstructed) in the probability of multi-year drought when instrumental
(1900-2012) and reconstructed (1000-2012) annual rainfall from the Gatton (40082) HQ gauge. (b) As with (a) but absolute differences instead
(Full reconstruction minus instrumental).
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