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Abstract. Isolating the causes of extreme variations or which standard management practices are based, making so-
changes in the hydroclimate is difficult due to the complexi- cioeconomic and some natural systems vulnerable. The un-
ties of the driving mechanisms, but it is crucial for effective precedented impacts of these extremes can sometimes neces-
natural resource management. In Australia’s Murray-Darlingsarily force a somewhat ad hoc management response, which
Basin (MDB), ocean-atmosphere processes causing hydranay be successful but may also lead to undesirable outcomes
climatic variations occur on time scales from days to cen-(i.e., maladaptation). Recent periods of prolonged wet and
turies, all are important, and none are likely to act in isola-dry conditions have provided further cause for thought as
tion. Instead, interactions between all hydroclimatic drivers,NRM debate the causes of these extreme conditions, whether
on multiple time scales, are likely to have caused the vari-they are linked to anthropogenic climate change, whether
ations observed in MDB instrumental records. A simplified similar dry and wet conditions may become more prevalent
framework is presented to assist natural resource manageis the future, and even whether such periods should be con-
in identifying the potential causes of hydroclimatic anoma- sidered the new norm.
lies. The framework condenses an event into its fundamental Several prolonged extreme climatic periods have recently
elements, including its spatial and temporal signal and smalloccurred in the Murray-Darling Basin (MDB), which con-
scale evolution. The climatic processes that are potentiallytributes a significant proportion of Australia’s agricultural
responsible are then examined to determine possible causegeld. Much of the region experienced ongoing drought from
The framework was applied to a period of prolonged andaround late-1996 to mid-2010 (Murphy and Timbal, 2008),
severe dry conditions occurring in the southern MDB from which was followed by a rapid transition to extremely wet
1997-2010, providing insights into possible causal mecha<conditions across the MDB, the northern half in particular,
nisms that are consistent with recent studies. The frameworkrom late 2010 to the time of publication of this article. Here,
also assists in identifying uncertainties and gaps in our unthe northern and southern MDB are defined as the halves of
derstanding that need to be addressed. the Basin north and south of 33. Management practices
were tested throughout the sometimes-unprecedented nature
of both periods and there were several instances when wa-
ter resource managers, agriculturalists and biodiversity man-
1 Introduction agers (hereafter collectively referred to as NRM) increas-
ingly questioned whether the conditions in parts of the MDB
Periods of prolonged, severe drought and moisture surpluggntained an anthropogenic component.
are challenging for natural resources management/managers Tqo ynderstand the causes of the recent changes to the

(NRM). These periods that are at the very edge of past expempB climate and potential future changes that include the
rience are of particular concern as they push the limits upon
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effects of anthropogenic climate change, several nationafuture research that, if undertaken, will also prove useful for
research initiatives were established. These initiatives inNRM.
cluded the Murray-Darling Basin Sustainable Yields Project To fulfil these objectives, the paper is presented as fol-
(MDBSY; http://www.csiro.au/en/Organisation-Structure/ lows: first, a hydroclimatology of the MDB provides con-
Flagships/Water-for-a-Healthy-Country-Flagship/ text. The review of climate processes is then presented.
Sustainable-Yields-Projects/MDBSY.a3px the  South  Thisincludes describing processes acting on inter-annual and
Eastern  Australian  Climate |Initiative  (SEACI; shorter scales as an update to Murphy and Timbal (2008)
www.mdbc.gov.au/subs/segci the Indian Ocean Cli- and an explanation on the drivers of decadal and longer-scale
mate Initiative (IOCI; www.ioci.org.a); and the variability, which has not previously been presented. We then
CSIRO-BoM Climate Change in Australia project show analysis for an emerging area of the science that, we
(www.climatechangeinaustralia.gov)au The collective  argue, is critical to understanding and predicting wet and
research from these, and other, initiatives has providedry cycles in the MDB, namely interactions between climate
invaluable information that is highly relevant to the NRM processes. Finally, the framework for highlighting the poten-
community. tial cause/causes of specific climatic anomalies for NRM is
However, increasing the body of knowledge has the po-presented and applied to the case of the prolonged drought
tential to be confusing for NRM. For example, the climate that affected the southern MDB for over 13yr from the mid
science community has identified a number of physical pro-1990s.
cesses that influence variations in the MDB hydroclimate,
which are often relayed to the NRM community as climate
indices (i.e., simplified metrics of these atmosphere-ocear2 Hydroclimatology of the Murray-Darling Basin:
processes). Unavoidably, the number of these indices, and 1900-2010
opinions as to what is important and what is not, increases as
more research is conducted, adding uncertainty and compliThe range of hydroclimatic variability on which NRM prac-
cating the information for those relying on it for risk assess-tices are based has traditionally been defined using historical
ment. data. By global standards the climate records in the MDB are
Given the difficulties NRM might have utilising the large long, spanning 111 yr from 1900-2010 with some individual
amount of climate information available, this paper has twostations going back to the mid-1800s. Here, we give an up-
primary objectives. The first is to synthesise knowledgeto-date overview of the hydroclimatology of the MDB based
about the processes governing climatic variations across then these instrumental observations.
MDB. This synthesis will distil up-to-date information ina  Spanning from the subtropics (28) to the middle lati-
concise form so that it may be interpreted more easily thartudes (38 S), approximately 90 % of the MDB is classified
compiling information from self-guided literature surveys. as either arid or semi-arid (Maheshwari et al., 1995). The
Murphy and Timbal (2008) have previously presented a syntopography of the Basin consists mostly of extensive plains
thesis of the major processes driving inter-annual and shorteand low undulating areas, with much of the Basin less than
time scale climatic variations in southeast Australia. While 200 m above sea level. The landscape varies throughout the
useful for the southern MDB, Murphy and Timbal's (2008) catchment from the sub-tropical rainforests of the eastern
paper did not describe the importance of these and other cliuplands, to the temperate, sub-alpine regions of the south-
mate processes for the northern MDB. Furthermore, infor-east and the hot, dry semi-arid plains in the west (Barros and
mation on decadal and longer-scale climate processes, inteBowden, 2008).
actions between climate drivers and interactions between cli- Annual rainfall averaged across the MDB is approximately
mate and hydrological processes were not included in theid70 mm per year (calculated over the period 1900-2010).
review, but are highly relevant for NRM in the MDB. However, the spatial variations in annual mean rainfall across
The second obijective is to identify a broad framework the MDB are large (Fig. 1). Rainfall is highest in mountain-
that allows NRM to scrutinise existing climate knowledge ous areas in the southeast where the mean annual totals can
in order to better isolate the potential cause/causes of exexceed 1500 mm, and lowest in the west of the Basin where
treme climatic periods. This might make information relat- they are typically less than 300 mnTy. Averaged across the
ing to hydroclimatic processes more useful in risk manage-Basin, evaporation (estimated using pan evaporation) is ap-
ment applications. Such a framework simplifies a complexproximately four times the annual mean rainfall. Geographi-
problem and so inherently includes a large degree of uncereally, evaporation ranges from approximately 1200 mriyr
tainty as it is derived from a mostly chaotic system. So, whilein the southeast of the Basin to around 2400 mmniyn the
the framework does not provide absolute answers, we argue/est (BoM, 2010).
that it establishes a more focused set of considerations for Over the 111 yr from 1900-2010, MDB rainfall has exhib-
NRM. Furthermore, the framework highlights areas whereited large inter-annual to multi-decadal fluctuations (Fig. 2).
the knowledge base is lacking (i.e., areas with large uncerAveraged across the MDB, conditions were broadly drier
tainty or actual knowledge gaps), thus, identifying areas ofduring the first half of the 20th Century with Basin-averaged
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Fig. 1. The Murray-Darling Basin (dashed outline) overlaid on 2010 mean (471 mm).

mean annual January—-December (1900-2010) observed rainfall
(mm), from the Australian Bureau of Meteorology Australian Wa-

ter Availability Project rainfall grids (Jones et al., 2009a). Adapted 3 Hydroclimate processes of the Murray-Darling Basin
from Draper and Mills (2008).

We direct readers to the review paper by Murphy and Tim-
] o ] ] bal (2008) for a broad overview of the key processes relevant
rainfall deficits frequently exceeding 100 mnTyr equiva- ¢4 climate variations in the southern MDB on inter-annual

lent to rainfall being at least 20 % below average (Fig. 2). ang shorter time scales, including the mechanisms by which

Several peri‘f)ds of multi-year rai”nfall deficits occurred, in- {hey occur and their climatological characteristics (e.g., fre-
cluding the “Federation Drought” (ca. 1895-1902) and thequency, persistence, etc.). Here, we expand on these top-

“World War Il Drought” (ca. 1937-1945) (Ummenhofer et o5 and include information relevant to the northern MDB
al., 2009b; Verdon-Kidd and Kiem, 2009b). Though 19¥r 514 interactions between hydroclimate driving mechanisms
in the instrumental record had above average rainfall duringpat are relevant to the whole MDB. To date, less focus has
the first half of the 20th century (Fig. 2), there was only one peen given to understanding climate processes in the north-
multl—ye_ar wet period prior to 1950 (i.e., 1916 to 1917 when oy MDB by the climate science community and a synthesis
MDB rainfall was at least 20 % above average). has not previously been presented. An explicit discussion of
The period from 1950 to 2010 was dominated by large g|eyant daily-scale processes, a synthesis of the most recent
decadal-scale variations in rainfall. Two distinct periods dur'findings on inter and intra-annual processes since Murphy
ing the 1950s and the 1970s had several years with rainfall,q Timpal (2008) was published and a discussion on the

considerably greater than average and major floods occurreghiar-decadal processes, which has not previously been pre-
during 1952, 1956 and 1974. Multi-year periods with below ganied for the MDB. are provided.

average annual rainfall marked the 1960s, early 1980s and
mid-1990s to early 2010. However, there were also some3.1 Daily to intra-annual processes
notable floods during these dry epochs, for example, 1990
across much of eastern Australia and more recently 2008 and@ihe types of weather systems that produce and inhibit rain-
2009 in the northern MDB. fall in the MDB are summarised in Fig. 4. The origins of
The dry conditions from the mid-1990s to early 2010 were these systems vary regionally with the most distinct differ-
dubbed the “Big Dry” or the “Millennium Drought” (here- ences occurring from north to south. The importance of a
after referred to as “The Big Dry” only) (Ummenhofer et al., particular type of weather system to seasonal rainfall totals
2009b; Verdon-Kidd and Kiem, 2009b) (Fig. 3). This drought is heavily dependent on the location. There can be substan-
was mainly confined to the southern MDB and was domi-tial differences in the relative contributions from particular
nated by autumn and early winter rainfall deficits stemmingweather systems to seasonal accumulations over distances
from both a decrease in the number of rain days and a reduaf several hundred kilometres only (Verdon-Kidd and Kiem,
tion in the intensity of daily rainfall events (Verdon-Kidd and 2009a).
Kiem, 2009b). The drought was broken in spectacular fash- The rainfall accumulations associated with different oc-
ion in 2010, which was the wettest year on record averagedurrences of the same type of weather system also vary, and
across the MDB. Much of this stemmed from late winter andthere are differences in the relative amount of rainfall each
spring rainfall, which led to annual rainfall being 70 % above type of system tends to produce (Pook et al., 2006). For ex-
average (Fig. 2). ample, tropical cyclones are more likely to produce higher
rainfall totals in the northern MDB compared to frontal
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systems in the southern MDB. The typical amount of rain-
fall produced depends on the intensity and duration of eactsouthern MDB, frontal rain contributes between 25 % and
system. Their contribution to the climate depends on thosel0 % of monthly rainfall totals, with this contribution de-
factors and also on the frequency at which those systems imereasing moving further north (Pook et al., 2006). Verdon-
pact on an area. Kidd and Kiem (2009a) attribute sizeable proportions of rain-
The make up of the daily-scale rainfall distribution is par- fall in the state of Victoria in the southern MDB to systems
ticularly important for water resources management. For ex-such as pre-frontal and inland troughs that produce cloud
ample, the impact of a one-month rainfall total of 200 mm on bands. However, Wright (1997) and Pook et al. (2006) state
a hydrological system would be very different depending onthat such systems are generally responsible for less than 10 %
whether the rainfall had fallen evenly throughout the month, of total rainfall in this region.
or in a single event (Mcintosh et al., 2007; Verdon-Kidd and  In the northern MDB, rainfall mostly stems from tropi-
Kiem, 2009b). cal systems, or from interactions between tropical and extra-
Rainfall in the southern MDB mostly stems from extra- tropical systems (Wright, 1997; Sturman and Tapper, 2005).
tropical weather systems (Wright, 1989; Qi et al., 1999; PookMeridional troughs that extend through the subtropics of
et al., 2006; Risbey et al., 2008). Figure 4 illustrates someeastern Australia, sometimes called “easterly-dips” (Fig. 4),
of these systems, such as cold fronts, cut-off low-pressure&an be associated with widespread rain via cloud bands, par-
systems and cloud bands. Cut-off low pressure systems corticularly from April to October. Cloud bands that are initi-
tribute the most rainfall from a single type of system, be- ated from convergence caused by the trough alone account
tween approximately 25 % and 50 % of rainfall to the region for some 25-40 % of rainfall in the northern half of the MDB
(Wright, 1989; Pook et al., 2006). Cut-off lows are also re- (Wright, 1997). There is a similar contribution from the inter-
sponsible for over 80 % of the rainfall that occurs on heavyaction between these tropical cloud bands with extra-tropical
rain days (described as days with over 25 mm or rain) duringfeatures such as cold fronts (Wright, 1997).
these months (Pook et al., 2006). Strong cold fronts can penetrate as far north as the Aus-
Frontal systems that interact with tropical air masses (e.g.tralian tropics. When they occur during the onset and break-
cloud bands that form from a surface or middle tropospheredown of the northern wet season (approximately November—
pressure trough entraining tropical moisture, such as thévarch), they may trigger thunderstorms along their lead-
Northwest cloud band in Fig. 4), those that do not (e.g.,ing edge, bringing very localised, heavy rain to areas
the cold fronts in Fig. 4), and post-frontal rainfall provide in the northern MDB (Sturman and Tapper, 2005). From
smaller, but significant, contributions to southern MDB rain- December—April, tropical cyclones that have moved inland
fall totals, although the influence of each varies regionallyfrom the east Australian coast can occasionally contribute
(Wright, 1989; Verdon-Kidd and Kiem, 2009a). Post-frontal large rainfall totals to the northern MDB.
rainfall is only a significant contributor close to the moun-  High-pressure systems are the features that primarily in-
tain range spanning the southeast MDB, where orographidibit rainfall (Sturman and Tapper, 2005). Over the MDB,
uplift is the primary mechanism causing rainfall. In the these may constitute part of the climatological belt of
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high-pressure, known as the sub-tropical ridge (STR), or The intensity of wet and dry periods in the MDB is not
be independent of it. Persistent and stationary high-pressurdirectly proportional to the strength of ENSO events, where
systems that are removed from the STR are responsible fathe strength of an ENSO event is determined based on the
the phenomenon of atmospheric blocking, where rain bearsize of the departure from normal sea-surface temperature
ing weather systems are diverted around the immobile block{SST) or sea-level pressure (SLP) conditions. In fact, the
ing high-pressure system (e.g., Fig. 4). In the southern MDBate at which the state of the Pacific changes from one
atmospheric blocking and the STR that are situated directiyphase of ENSO to another appears to be just as important
over the region are the primary systems responsible for rainas the strength of the ENSO event (Quinn et al., 1978; Stone
fall suppression (Pook et al., 2006; Risbey et al., 2008;and Auliciems, 1992; Stone et al., 1996; Kiem and Franks,
Verdon-Kidd and Kiem, 2009a). In addition to high-pressure 2001). This is demonstrated by the fact that some of the
systems that inhibit rainfall, some mechanisms that usuallystrongest El Nios have not been associated with severe,
trigger rainfall (e.g., a cold front) will fail if atmospheric widespread drought (e.g., 1997/1998), while other weaker El
moisture is not available (Drost and England, 2008). Nifio events have coincided with particularly intense drought
Intra-seasonal climate variations across the MDB have(e.g., 2002/2003) (Wang and Hendon, 2007; Brown et al.,
been linked to the Madden-Julian Oscillation (MJO), which 2009). The nonlinear relationship between Australian rainfall
describes an eastward propagating region of enhanced tropariations and the magnitude of ENSO has been attributed to
ical convection (Hendon and Liebmann, 1990). Typically, interactions with random atmospheric noise (Wang and Hen-
the impacts of the MJO on intra-seasonal MDB rainfall don, 2007), interactions with other climate drivers (Meyers et
vary sub-regionally, seasonally and with the phase of theal., 2007; Verdon-Kidd and Kiem, 2009a; Kiem and Verdon-
MJO (Wheeler et al., 2009). However, across the MDB, theKidd, 2010), and the location of the SST anomalies associ-
strongest impacts are during the winter and spring monthsated with ENSO (Wang and Hendon, 2007).
See Murphy and Timbal (2008) and Wheeler et al. (2009) Larkin and Harrison (2005) and Wang and Hendon (2007)
for a description of the impacts of the MJO on the southernshowed that Australian rainfall is particularly sensitive to
MDB and regional Australian circulation respectively. ENSO-like behaviour in the central Pacific. A pattern of
Intra-annual wet and dry periods in the MDB are primar- central equatorial Pacific SST variations has recently been
ily linked to shifts in the atmospheric circulation inherent to identified by Ashok et al. (2007) and defined as an “ENSO
the seasonal cycle. In the northern MDB (at subtropical lat-Modoki” (“Modoki” is a Japanese word meaning “a simi-
itudes), rain bearing systems are more prevalent during théar but different thing”). An El Nito Modoki is characterised
warmer months (approximately November—April), due to the by warm central Pacific waters flanked by anomalously cool
greater influence of tropical weather systems, such as thos8STs to the west and east, separating the Walker Circulation
shown in Fig. 4a. The opposite is true for the southern MDB, into two distinct circulations. Conversely, a Lafdi Modoki
where extra-tropical weather systems dominate (Fig. 4b) ands characterised as having cool central Pacific waters that are
rainfall mostly occurs during the cooler months (approxi- flanked by warmer than normal SSTs.
mately May—October). The location, seasonality and magnitude of the regional
Australian climate response induced by an ENSO Modoki
event can be stronger than for a traditional ENSO event
(Ashok et al., 2009; Cai and Cowan, 2009; Taschetto
and England, 2009; Taschetto et al., 2009) and Cai and
The El Nilo — Southern Oscillation (ENSO) can be respon-Cowan (2009) also associated LansiModoki events with
sible for over 20% of local annual rainfall variations in elevated autumn rainfall in the MDB (i.e., a season not typ-
the MDB (Pittock, 1975; McBride and Nicholls, 1983; Ro- ically influenced by traditional ENSO events). However, the
pelewski and Halpert, 1987; Nicholls, 1988; Power et al., work on ENSO Modoki is in its infancy and there have been
1998; Risbey et al., 2009). conflicting conclusions in the literature as to the impacts of
Seasonally, winter, spring and summer MDB rainfall EI Nifio Modoki on the Australian climate. For example,
variations are most strongly associated with ENSO eventfaschetto and England (2009) reported strong associations
(McBride and Nicholls, 1983; Risbey et al., 2009), although between EI Niio Modoki events and reduced rainfall over
the winter relationships may also be due to Indian Ocean inparts of Australia during autumn, but Cai and Cowan (2009)
fluences and their coincidence with ENSO (discussed furthedetected no significant correlations during such events. Lee
below). The effects of ENSO in the MDB also include mag- and McPhaden (2010) also recently identified a significant
nified fluctuations in streamflow volumes compared to rain-increase in the intensity of central Pacific Elfidi events
fall (Chiew et al., 1998; Wooldridge et al., 2001; Verdon et since 1982. Given the potential links to the MDB climate,
al., 2004b), elevated flood risk during Lafidi events (Kiem  the role of Central Pacific ENSO events must be investigated
etal., 2003), and increased risk of drought (Kiem and Franksfurther.
2004; Barros and Bowden, 2008) and bushfire (Verdon et al.,
2004a) during El Nio events.

3.2 Inter-annual processes: an update
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Inter-annual variations in southern MDB winter, Indian Ocean. Other studies have shown a stronger response
June-July-August (JJA), and spring, September-Octoberbetween Australian rainfall and eastern Indian Ocean SSTs
November (SON), rainfall have been linked to Indian (Merdon and Franks, 2005; Cai and Cowan, 2008; Nicholls,
Ocean SST anomalies (Nicholls, 1989; Simmonds, 19902009) and SSTs to the north of Australia (Smith and Timbal,
Drosdowsky, 1993; Ashok et al., 2000; Drosdowsky and2010). In light of these recent findings it seems that though
Chambers, 2001; Verdon and Franks, 2005) and the Indiathe Indian Ocean likely has an effect on the MDB climate, the
Ocean Dipole (IOD) (Saji et al., 1999; Ashok et al., 2003). existence of a dipole mechanism as an atmosphere/ocean in-
Verdon and Franks (2005) also showed strong relationshipseraction is questionable. Indeed the strongest evidence sug-
between east Indian Ocean SST anomalies and the northegests southern MDB rainfall variations are more likely as-
MDB hydroclimate (in some cases stronger than the Indiansociated with SST variability in the eastern Indian Ocean.
Ocean-southern MDB relationships). This is contrary toWe stress that, on the balance of current evidence, the In-
the commonly accepted understanding that the influence oflian Ocean does play a role in regulating the MDB hydrocli-
the Indian Ocean on the northern MDB is weaker than inmate, but it is likely that this role is as an intermediary driver
the southern MDB. Either way the influence of the Indian only. What is in question is the modulation via an east-west
Ocean on MDB hydroclimate needs further investigation, dipole (i.e., IOD) mechanism and its dependence on or inde-
particularly with respect to the northern MDB. pendence of the Indian Ocean teleconnections from ENSO.

The 10D is characterised by SST anomalies of opposite Variations in the Southern Annular Mode (SAM) effec-
sign in the east and west of the Indian Ocean Basin, which aréively describe variations in the position of the Southern
coincident with large-scale anomalous circulation patternsHemisphere mid-latitude storm track (Karoly, 1990; Thomp-
During the phase of the 10D associated with cool east andson and Wallace, 2000; Thompson and Solomon, 2002). The
warm west Indian Ocean SST anomalies, low winter rainfall SAM has links to MDB rainfall that vary regionally and sea-
over the southern MDB is likely, and vice versa for the op- sonally (Gillett et al., 2006; Hendon et al., 2007; Meneghini
posite phase of the IOD (Saji et al., 1999; Ashok et al., 2003;et al., 2007). With a poleward contraction of the mid-latitude
Meyers et al., 2007). However, several studies show a similastorm track, far southern sections of the MDB are more likely
modulation of rainfall with eastern Indian Ocean SSTs onlyto experience lower rainfall during winter (Hendon et al.,
(Verdon and Franks, 2005; Cai and Cowan, 2008; Nicholls,2007) due to southward displacement of rain-bearing cold
2009), suggesting that the influence of the SST gradienfronts and cyclones. However, during the spring and summer
(combined western/central and east Indian Ocean SSTs) omonths, anomalously poleward SAM induces changes to the
southeast Australian rainfall is perhaps not as important asocal circulation that draw moist easterly winds inland and
the state of eastern Indian Ocean SSTs alone (Nicholls, 1989ncrease the likelihood of rainfall across much of the MDB,
Verdon and Franks, 2005). particularly in the eastern half of the Basin (Meneghini et al.,

Several recent studies have also supplied convincing evi2007).
dence for the non-existence of an equatorial IOD as an inde- The weather systems described in Sect. 3.1 regulate inter-
pendent mode of climate variability and have argued that it isannual variations in MDB rainfall as their frequency, per-
the result of random variations in the east and west of the Insistence and intensity changes from year-to-year. For exam-
dian Ocean Basin. The two nodes of the IOD are sometimeple, the STR changes in average strength and location from
in phase (i.e., not always negatively correlated), indicatingyear-to-year. A stronger STR has been linked to rainfall sup-
the lack of a consistent dipole structure (Dommenget andoression in southern Australian rainfall during autumn and
Latif, 2001). Moreover, Dommenget (2007) and Dommengetearly winter, while the position of the STR further north or
and Jansen (2009) have shown that the dipole structure casouth than normal is associated with summer rainfall varia-
be reconstructed by applying the same statistical techniquéons (Larsen and Nicholls, 2009).
used to decompose the mode to random noise, suggesting the Atmospheric blocking was also previously described as a
10D is simply an artefact of this technique and not a physicalregional synoptic process affecting daily rainfall, and its im-
structure. Several studies have also suggested that the appepprtance as an inter-annual driver of the southern Australia
ance of an 10D is simply a combination of a byproduct of climate has recently been recognised (Risbey et al., 2009).
ENSO and random variations (Nicholls, 1984; Cadet, 1985;The position and intensity of Southern Hemisphere block-
Chambers et al., 1999; Allan et al., 2001). This interaction ising undergoes variations from year-to-year and decade-to-
discussed further in Sect. 4. decade (Trenberth and Mo, 1985). Specifically, the preva-

Along with the weight of evidence suggesting the exis- lence of blocking systems in key regions has been linked
tence of the 10D as unproven, its links to Australian rain- to fluctuations in the frequency of cut-off low pressure sys-
fall have recently been debated. Ummenhofer et al. (2009a)ems (Risbey et al., 2008), which are responsible for a signif-
used a climate model to demonstrate that the eastern polieant portion of rainfall in the southern MDB (Pook et al.,
of the IOD does not regulate Australian precipitation on its 2006). The frequent occurrence of blocking highs centred
own and that a slightly stronger response occurs when theraear 140 E (longitude close to the southwest MDB) favours
is a forced SST differential between the southern and easterrainfall in the southern MDB (Risbey et al., 2008, 2009).
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3.3 Inter-decadal processes reconstructions of the two climate modes. Lough (2007)
showed that the relationship between ENSO, IPO and rain-
In the Pacific Ocean, a coherent pattern of SST and SLP varifall/streamflow in northeast Queensland is consistent for at
ability operating on multi-decadal timescales has been idenleast the last 400 yr.
tified (Zhang et al., 1997). In the North Pacific, this vari-  Also important to note is the strong and statistically sig-
ability is commonly termed the Pacific Decadal Oscillation nificant relationships between decadal rainfall in the MDB
(PDO) (Mantua et al., 1997; Mantua and Hare, 2002). Powerand SSTs in the Tasman Sea north of New Zealand and
et al. (1999b) refer to a similar Pacific Basin-wide mode of south of 183 S — wetter decades are associated with warmer
variability as the Interdecadal Pacific Oscillation (IPO). Im- SSTs in the Tasman Sea (Power et al., 1999a). This Tasman
portantly, the PDO and IPO time series are highly corre-SST-MDB rainfall relationship is also evident on inter-annual
lated and represent variable epochs of warming (i.e., positime scales. The effect of this association on regional circu-
tive phase) and cooling (i.e., negative phase) in both hemidation patterns is not yet understood. However, it is reason-
spheres of the Pacific Ocean (Mantua et al., 1997; Folland etble to suppose that larger rainfall totals would be caused by
al., 2002; Franks, 2002). In fact, Folland et al. (1999) sug-warmer, moist air being transported to, and converging over,
gested that the IPO can be regarded as the Pacific wide marhe Australian mainland (White et al., 2003).
ifestation of the PDO. Decadal and multi-decadal scale variations in SSTs and
The IPO and PDO have been described as a sustainesurface pressures around Australia that are reminiscent of
ENSO-like pattern of Pacific climate variability (Zhang etal., an ENSO pattern have been linked to multi-year summer-
1997). However, as noted by Mantua and Hare (2002), twaime droughts in eastern Australia (White et al., 2003, 2004).
characteristics distinguish the PDO (and IPO) from ENSO:Such droughts may be due to random fluctuations of ENSO
the persistence of PDO/IPO epochs (15-30yr) and the facfKestin et al., 1998) or they may be due to some other as
that the climatic fingerprint of the PDO is most dominant yet unknown process(es). The established statistical relation-
in the north Pacific sector with a secondary signature in theships suggest a connection between decadal-scale SST vari-
tropics (whereas the opposite is true for ENSO). ability and fluctuations in MDB rainfall. However, the physi-
Links between the IPO/PDO phenomena and climate vari-cal mechanisms which cause the decadal-scale SST variabil-
ability in Australia include decadal and annual-scale fluctua-ity and the links between changes in SST and regional-scale
tions in rainfall, maximum temperature, water volume trans-variability in synoptic patterns (and rainfall) are currently un-
port and wheat crop yield (Power et al., 1999a; Kiem etknown and require further investigation.
al., 2003; Kiem and Franks, 2004; Verdon et al., 2004b). In addition to the natural variability described above, an-
The IPO/PDO primarily influences the eastern Australian cli- thropogenic influences will very likely also be responsible
mate, which includes the MDB, during the austral spring, for future multi-decadal scale climate variations in the MDB
summer and autumn by inducing variations in the South(CSIRO and BoM, 2007; IPCC, 2007). Anthropogenically-
Pacific Convergence Zone, which tends to be active duringnduced changes in some aspects of the regional Australian
these months (Folland et al., 2002). climate have already been detected (Karoly and Braganza,
The IPO/PDO regulates the eastern Australian climate in-2005). There are a wide range of projected impacts for
directly by modulating both the magnitude and frequency ofthe MDB climate (i.e., “wetter and warmer” or “drier and
ENSO impacts (Power et al., 1999b; Kiem et al., 2003; Ver-warmer”) and unfortunately, there is no clear signal in the
don et al., 2004b; Cai and Cowan, 2009). When the IPO/PDQlirection of these changes across the MDB.
is in a warm phase, the relationship between ENSO and Aus- The uncertainties primarily stem from large differences
tralian rainfall is weakened, while it is strengthened dur- between future rainfall changes in the MDB projected by
ing the cool phase (Power et al., 1999a). The greatest efglobal climate models in response to future greenhouse
fect of this modulation is a magnified response of rainfall gas emission scenarios. While these projections consistently
and streamflow to La Nia events during a cool IPO/PDO show increasing temperatures across the MDB over the 21st
phase. During the cool (i.e., negative) IPO/PDO phase, wetentury, they do not show consistent changes in rainfall (Sun
events are likely to be wetter and more frequent than dur-et al., 2011). One regional exception is the southern MDB,
ing a neutral or warm IPO/PDO phase, elevating flood riskfor which many climate models consistently project dry-
in the MDB (Kiem et al., 2003; Verdon et al., 2004b). Con- ing. However, the magnitude of this drying varies consider-
versely, during the warm (i.e., positive) IPO/PDO phase wetably between models (Chiew et al., 2008) and the dynami-
events are less frequent and not as wet as they are during tleal mechanisms behind this drying have not yet been iden-
IPO/PDO cool phase which results in an increased risk oftified. Given the potential for anthropogenic warming to be
drought across the MDB and other parts of eastern Australiamssociated with significant negative impacts across the MDB
(Kiem and Franks, 2004; Verdon-Kidd and Kiem, 2009a). (Alexander and Arblaster, 2009; BoM, 2010), the uncertainty
Verdon and Franks (2006) confirmed that the relationshipsassociated with climate model projections must be addressed
between IPO/PDO phase and the frequency of ENSO eventso that the contribution of anthropogenic forcing to inter-
is consistent over the past 450 yr by examining paleoclimateannual, multi-decadal and longer changes in MDB can be
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properly assessed. The numerous sources of uncertainty aginfall in the MDB (Hendon et al., 2007; Verdon-Kidd and

sociated with global climate model projections for the MDB Kiem, 2009a; Kiem and Verdon-Kidd, 2010).

are discussed further in Sect. 5. We present analysis in Fig. 5 demonstrating the connec-
tions between climate processes operating on inter-annual
and daily time scales. Pook et al. (2006) found that at least
80 % of April-October heavy rain days (defined as days with

4 Interactions between hydroclimatic processes: accumulations above 25mm) were associated with cut-off
a missing link in our understanding? low-pressure systems in a domain covering the far south-
west MDB. They also showed that cut-off low-pressure sys-

4.1 Interactions between climate processes tems strongly modulate inter-annual rainfall there. Given that

Sect. 3.2 outlined the modulation of inter-annual rainfall in

As single processes alone account for less than 20% ofhe MDB by ENSO, SAM and the Indian Ocean, a logical
monthly rainfall variability (Risbey et al., 2009), itis unlikely hypothesis is that these remote drivers partially act by modu-
that the climate drivers influential on the MDB are indepen- lating the number of cut-off low-pressure systems that influ-
dent of each other or act to drive the MDB climate in isolation ence the region. This influence was examined here by using
(Risbey et al., 2008; Verdon-Kidd and Kiem, 2009b; Kiem heavy rain days as a proxy for cut-off lows.
and Verdon-Kidd, 2010). Deducing the interactions between The number of heavy rain days was calculated at seven
climate drivers and their subsequent impact on the Australiarstations for every April-October period from 1970-2002, the
hydroclimate is only an emerging area of research, but onesame period used by Pook et al. (2006) for their analysis. All
that is crucial to better capturing the causes of variations instations fall within the Pook et al. (2006) domain and come
the MDB climate. from the Lavery et al. (1992) high-quality daily rainfall net-

There is increasing evidence that the mean state of thevork. The average number of heavy rain days during years
atmosphere/ocean system, which is partially modulated byn a particular extreme state of the SAM, ENSO and east-
the inter-annual and inter-decadal processes previously desrn Indian Ocean SSTs were compared to neutral years for
scribed, plays a part in regulating the occurrence of dailyeach index. The SAM, ENSO and eastern Indian Ocean SSTs
weather events. For example, the large-scale climate prowere represented by the SAM index of Marshall (2003), the
cesses described in Sect. 3 have been linked to variations iSouthern Oscillation Index (SOI) of Troup (1965) and the
the positions of the jet streams, regulation of moisture avail-eastern pole of the Dipole Mode Index (DMleast) of Saji et
ability and other aspects of the atmosphere/ocean system, a. (1999), generated from the global HadISST sea-suface
well as variations in weather systems (Risbey et al., 2008temperature data set (Rayner et al., 2003). A positive (neg-
Verdon-Kidd and Kiem, 2009a). ative) phase of each driver was defined if the standardised in-

The characteristics of weather systems, including their lo-dex was above (below) 0.5-0.5) standard deviations, giv-
cation, frequency of occurrence and intensity, show depening about 30 % of years in each of the positive or negative
dence on intra-seasonal, inter-annual and decadal drivers gthases. All indices were standardised over the 1970-2002
climate such as the MJO, ENSO and the IPO/PDO (Nichollsperiod. To determine if the mean frequency of heavy rain
and Kariko, 1993; Pezza et al., 2008). The intensity of cy-days during a particular phase of a driver was statistically
clones and anticyclones in the mid-latitudes increases andignificantly different from neutral years, a 95 % confidence
their frequency decreases when there is a strong warnnterval was generated from neutral years. The mean num-
phase of the PDO (Pezza et al., 2007). Verdon-Kidd andber of rain days from 1000 bootstrap replicates: afeutral
Kiem (2009a) also found that warm phases of the IPO deyears were used, whenewas the number of years when the
crease the likelihood of wet weather events in parts of theinter-annual driver was in its positive or negative phase.
MDB, while cool phases increase this likelihood, and vice Every station in the domain had a statistically significant
versa for dry weather events. link between April-September heavy rain days and ENSO,

Variations in the prevalence of atmospheric blocking havewith a higher than average number of heavy rainfall days dur-
been linked to the state of ENSO, with blocking frequency ing La Nifia years and a lower than average number during El
and associated rainfall becoming more prominent duringNifio years (Fig. 5). This result was the same whether SOI or
La Nifias and less prominent during Elfidis (Risbey et SSTs from the Ni03.4 region were used to represent ENSO
al., 2008). Weather features such as pre-frontal troughs andnd is consistent with the links described between ENSO and
“easterly-dip”-type patterns are more prominent during La cut-off lows in the region by Pook et al. (2006). All but one
Nifias, and broad high pressure systems across southeastestation had a lower than average number of heavy rain days
Australia and a northward retraction and weakening of eastduring negative SAM events, with three stations showing a
erly troughs are more prominent during Elifds (Verdon-  statistically significant difference. These results may reflect
Kidd and Kiem, 2009a). The wetter and drier phases of SAMthe influence of the SAM during the austral spring, where
and Indian Ocean SSTs are similarly linked to weather syshegative SAM is associated with decreased rainfall in the
tems that are more or less likely to enhance or suppressegion (Hendon et al., 2007). The majority of stations also
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Marshall (2003) SAM index by Jones et al. (2009b) was used
as the Marshall (2003) index is available from 1958 only. The
eastern pole of the DMI (Saji et al., 1999) represents eastern
Indian Ocean SSTs. Despite the fact that we are reluctant
to accept the 10D as a physical atmosphere/ocean processes
for the reasons outlined in Sect. 3, we also include the DMI
(representing the IOD) in our analysis for a later discussion
surrounding evidence that any large-scale climate variations
in the Indian Ocean may be partially linked to ENSO. The
latitude and intensity of the STR (Drosdowsky, 2005) is also
assessed as an inter-annual driver of MDB rainfall variations.
All indices were detrended by removing the line-of-best-fit
over the 1905-2004 period, computed using linear regres-
sion, to highlight relationships on inter-annual time scales
only.

The fluctuations in the relationships between inter-annual
drivers of the MDB climate vary between pairs of drivers and
season. For example, summer (December—February) STR in-
EiNno |-SAM  |-10Deast tensity has a statistically significant relationship with SAM
that has remained fairly consistent from 1905-2004. Con-
versely, the relationship between the inter-annual variations
Fig. _5. The squares represent the differenc_e in the G-monthlyin ENSO and the eastern Indian Ocean SSTs were barely
égg!';viﬁpésgbzeg)m?]e;“r;ﬁgﬁ’)e{)e(;f/vzzi";e;?'s”egsﬁe(:;:ge:e3%tatisticalIy significant in the 1930s (correlations around
tral and extreme phases of ENSO, SAM and Indian Ocean SSTvari-_O'SS)’ while the 30yr centred on 1970 had a correlation

ations. The mean number of rain days during years in the positiveOf almost —0.9. These indicate large changes in the rela-

(top row) and negative (bottom row) phases of ENSO (left Column)vtionship between ENSO and the eastern Indian Ocean dur-

SAM (centre column) and eastern Indian Ocean SSTs (right col-N9 the 20th Century. There are consistent statistically sig-
umn) are shown. Blue indicates that a station has more, and red infificant relationships between SAM and STR intensity from
dicates that a station has less heavy rain days than in neutral yearg/inter through to summer (June—February) and between
A solid square indicates this difference is significant at the 95%SAM and STR latitude during winter and spring (June—
level based on a confidence interval generated from 1000 bootstraflovember), perhaps highlighting broader scale fluctuations
replicates of neutral years. in the Hadley circulation. Interestingly, there has been a con-
sistent strengthening of the relationship between the SAM
and STR latitude during the austral autumn (March—May)
had significantly more heavy rain events during years withwhere correlations in the early 1900s were insignificant and
warmer than normal eastern Indian Ocean SSTs and fewanegative and were statistically significant and positive from
heavy rain events when these SSTs were cooler than normadround 1960 (Fig. 6). As the indices were detrended prior
The results here suggest that all three major drivers of interto computation of the correlations, the strengthening of this
annual climate variations in the region partially regulate rain-relationship over time is probably not associated with the
fall by changing the frequency of heavy daily rainfall events, trends that have occurred in both process since around this
which in turn are likely to be via modulation of the frequency time (Marshall, 2003; Larsen and Nicholls, 2009). The trend
of cut-off low pressure systems. may reflect poor data coverage for calculation of the SAM
The above analysis showed that large-scale climate driverprior to the 1960s. However, if this were the case, a step-
play a role in regulating daily weather events. However, function, rather than a monotonic trend might be expected.
the large-scale drivers themselves also undergo decadal and Previous authors have shown how interactions between
multi-decadal scale variations. These variations may bevarious large-scale climate drivers impact on the MDB cli-
largely independent or they may co-occur, indicating rela-mate (Risbey et al., 2009; Silvestri and Vera, 2009; Verdon-
tionships between processes that, in turn, affect regional cliKidd and Kiem, 2009a). Many studies provide evidence that
mates. the 10D is a combination of a byproduct of ENSO and
Figure 6 shows fluctuations in the relationships betweenstochastic variations (Nicholls, 1984; Cadet, 1985; Chambers
indices representing ENSO, SAM, Indian Ocean SST vari-et al., 1999; Allan et al., 2001). The extreme phases of ENSO
ability and STR location and intensity for running 30-yr and IOD are also often “phase locked” meaning that there is
periods from 1905-2004. The indices were chosen so tha high probability that a La Nia will occur with warm, and
longest period possible could be analysed. The SOI reprean El Nifio with cool, eastern Indian Ocean SSTs (Meyers et
sents ENSO variations and an extended reconstruction of thal., 2007). As these coinciding phases are indicative of wet

La Nina + I0Deast
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Fig. 6. Running 30-yr correlations between pairs of seasonal indices representing the drivers of inter-annual climate variability in the MDB.
SAM and STR intensity (solid black line), SAM and STR latitude (dashed black line), SAM and ENSO (solid yellow line), ENSO and IOD
(solid blue line), ENSO and the eastern pole of the IOD (dashed blue line), ENSO and STR intensity (solid red line), and ENSO and STR
latitude (dashed red line) are shownzAlistribution with a sample size of 30 yr was used to estimate the bounds of statistical significance
and is indicated by the thin dashed lines ¢-0.35).

or dry conditions for both ENSO and the IOD, the result is Indian Ocean can exhibit strong ocean-atmosphere-land in-
often an amplification of the rainfall signature (Meyers et al., teractions that are self-maintaining and capable of producing
2007). The synchronicity between extreme ENSO and 10Dlarge perturbations that are independent of ENSO. Fischer et
variations suggests dependence between the two and Allan al. (2005) used a GCM to study the triggers of the IOD and
al. (2001) reported significant lag correlations in ENSO andshowed that two types of IOD may actually exist, one entirely
10D indices. independent of ENSO and the other a consequence of tropi-
Using the IOD and ENSO indices previously described cal Pacific conditions (i.e., ENSO). This is supported by the
from 19052004, we found statistically significant correla- fact that the 10D is not always phase locked with ENSO and
tions of —0.57 between spring indices, ar®.59 when alag thatthere are few incidences where a L&&lcoincides with
correlation was calculated between the winter (June—Augusta positive IOD and vice versa (i.e., when EIlfidicoincides
SOl and the DMI in the subsequent spring (September-with negative 10D).
November). Both correlations are strongly indicative of de- While none of the above studies provide a physical mech-
pendence between the two during the time when the In-anism for the IOD as a climate process that is independent of
dian Ocean has its greatest influence on MDB rainfall. ENSO, the Indian Ocean still has an important influence on
Furthermore, temporal variations in correlations betweenMDB hydroclimate. However, that influence is more likely to
September—-November SOl and DMI for running 30-yr peri- be driven by eastern Indian Ocean SSTs rather than the east-
ods from 1905—-2004 show consistent statistical significancevest dipole (i.e., IOD). This is demonstrated by Verdon and
from at least 1960, when data is most reliable (Fig. 6). More-Franks (2005) who found that the relationship between east-
over, when the SOI was correlated against the eastern pole @rn Indian Ocean SSTs and eastern Australian hydroclimate
the DMI only (i.e., eastern Indian Ocean SSTs) there werestill holds when ENSO events are removed.
statistically significant relationships during winter, spring  The interaction between SAM and ENSO and their com-
and summer. bined impact on Australian rainfall has received little atten-
However, others have presented evidence that Indiarion in the literature. From correlation analysis performed
Ocean SST anomalies can occur irrespective of the state diere, the relationship between SAM and ENSO is not sig-
the tropical Pacific Ocean (Nicholls, 1989; Saji et al., 1999; nificant during any season, except perhaps in more recent
Webster et al., 1999). Saji et al. (1999) report that the 10D isyears during the austral autumn (March—May) (Fig. 6). Cor-
the most active during the austral winter (June—August) andelations between ENSO and SAM using data from 1905-
that there is a lack of statistically significant correlations be-2004 at lags of one to three months were generally not sta-
tween winter |IOD and ENSO indices, potentially indicating tistically significant. Again, a potential exception is during
independence. Webster et al. (1999) demonstrated that thihe austral autumn when the correlation between SAM and
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ENSO lagged by one and two months was marginally sig-have been enhanced by positive SAM and tempered by neg-
nificant at the 95 % level(=0.21 and- =0.22, respectively, ative SAM.
n =100). However, neither driver shows a statistically signif- Note that the frequencies at which combined events oc-
icant relationship with rainfall in the MDB during this sea- curred were small in several cases. So, producing compos-
son (Hendon et al., 2007; Meneghini et al., 2007; Risbey etites fromn randomised years tested the statistical signifi-
al., 2009). In general, the evidence presented here suggestance, where: was equal to the number of years used to
that SAM and ENSO are largely independent modes of vari-produce each composite (see Fig. 7). Statistical significance
ability. However, Karoly (1989) described covariations be- was defined if the value of the composite being tested was
tween the Southern Hemisphere middle latitude circulationlarger/smaller than 97.5 % of the randomised composites.
and ENSO events, which perhaps indicates a relationship be- During combined positive SAM and El Ro, and neg-
tween SAM and ENSO in summer. ative SAM and La Nia, the rainfall anomalies in Fig. 7
Despite the fact that ENSO and SAM appear to act in anwere statistically significant across most of the MDB (not
independent manner, there are competing effects between ttehown). Interestingly, during winter, the extreme phases of
two that influence MDB seasonal rainfall. Kiem and Verdon- ENSO during neutral SAM had few statistically significant
Kidd (2009, 2010) reported that dry conditions during au- rainfall anomalies in the southern MDB. Thus, across the
tumn are more likely if an El Nio event occurs in combi- MDB, patrticularly the southern half, there is significantly
nation with a positive SAM. Previous La f events have enhanced drying and wetting, respectively, when positive
not necessarily been associated with above-average rainfaBAM/EI Nifio or negative SAM/La Nia phases co-occur.
in the southern MDB (Gallant and Karoly, 2009), which may  For combined positive SAM/La Na events, the rainfall
be due to interactions with coinciding SAM events that placeanomalies were not statistically significantly different in the
the storm track further south than normal (Kiem and Verdon-southern MDB. However, when La Rt combined with neg-
Kidd, 2009, 2010). ative or neutral SAM conditions it was statistically signifi-
An example of the impacts of competing SAM and ENSO cantly wetter in this region, indicating that positive SAM may
phases on MDB rainfall are illustrated in Fig. 7. The rain- have some tempering effect. Similarly, for combined nega-
fall anomalies were generated using the operational Austive SAM/EI Nifio years, significant drying was limited to
tralian Bureau of Meteorology AWAP rainfall grids (Jones the far northeast of the Basin. However, for neutral SAM/EI
et al.,, 2009a) from 1905-2004. The Jones et al. (2009bNifio, significant drying extended across the northern and
SAM index, described previously as an extension of the Mar-eastern two-thirds of the Basin and across most of the MDB
shall (2003) index, was used to maximise the number offor a positive SAM/EI Nfio combination.
years available for analysis. As previously, the SOI repre- Interactions between climate processes have also been
sents ENSO variability. A positive SAM or ENSO event was demonstrated between drivers operating on decadal and
defined when the standardised indices (relative to the 19054nter-annual time scales. The IPO/PDO regulates the eastern
2004 period) exceeded 0.5 standard deviations. However, thAustralian climate indirectly by modulating both the magni-
results were similar when thresholds of between 0.5 and Xude and frequency of ENSO impacts (Power et al., 1999b;
standard deviation were applied and when SSTs from theiem et al., 2003; Verdon et al., 2004b; Cai and Cowan,
Nifl03.4 region were used to represent ENSO. 2009). When the IPO/PDO is in a warm phase, the rela-
In all seasons, when combinations of the extreme phases dfonship between ENSO and Australian rainfall is weakened,
each driver co-occurred the SAM typically enhanced or tem-while it is strengthened during the cool phase (Power et al.,
pered the impact of ENSO, depending on the phase of thd999a). The greatest effect of this modulation is a magnified
SAM. However, the extent of this influence depended on theresponse of rainfall and streamflow to Lafidievents dur-
season. Specifically, the strength of the relationship betweeing a cool IPO/PDO phase. During the cool (i.e., negative)
MDB rainfall and each process tended to dictate the influencdPO/PDO phase, wet events are likely to be wetter and more
each had on seasonal rainfall. For example, neither the SAMrequent than during a neutral or warm IPO/PDO phase, el-
nor ENSO, when considered in isolation, have a strong relaevating flood risk in the MDB (Kiem et al., 2003; Verdon
tionship with autumn (March—May) rainfall in the MDB but et al., 2004b). Conversely, during the warm (i.e., positive)
when SAM-ENSO interactions are analysed some autumnPO/PDO phase wet events are less frequent and not as wet
rainfall variability is explained (e.g., Kiem and Verdon-Kidd, as they are during the IPO/PDO cool phase which results in
2009, 2010). In comparison, winter (June—August) rainfall an increased risk of drought across the MDB and other parts
has a stronger relationship with both SAM and ENSO (Ris-of eastern Australian (Kiem and Franks, 2004; Verdon-Kidd
bey et al., 2009), making competing influences more notice-and Kiem, 2009a).
able (Fig. 7). During the austral winter the southern MDB  Given the temporal fluctuations in the relationships be-
was typically drier, while the northern MDB was wetter, for tween the major climate drivers, further work is needed to
a co-occurring La Nia and positive SAM event, compared to understand the mechanisms that cause these fluctuations and
a La Nifia event occurring in isolation. Conversely, the drier how they impact on regional climates, such as the MDB.
conditions in the southern MDB during past Elffdievents  The long-term variations could stem from random variations
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Fig. 7. Composite mean percentage winter (June—August) rainfall anomalies in the MDB during co-occurring phases of the SAM and ENSO
from 1905-2004. A positive or negative phase of SAM and ENSO was defined when the standardised anomalies (relative to 1905-2004) of
each index exceedeH0.5 standard deviations. Red colours indicate rainfall deficits and blue, rainfall surplus. The nunbeach panel

indicates the number of years from which the composite was computed, this is, the number of years in which the particular phases of ENSO
and SAM co-occurred. Rainfall data is from the AWAP high-quality Australian rainfall grids (Jones et al., 2009a).

(Kestin et al., 1998), interactions with unknown climate pro- there is less connectivity between the subsurface storage and
cesses on numerous time scales (Power et al., 1999a), oth#re river system and, therefore, significant amounts of rain-
external forcings (Meehl et al., 2006), or a combination of all fall and recharge are required to fill the subsurface storage
or some of these. Also unclear at this stage is how large-scalbefore runoff can occur.

climate processes such as ENSO, Indian Ocean SSTs, SAM, It is likely that vegetation feedbacks also play a role in
STR and IPO/PDO might be affected by anthropogenic cli-regulating regional climate and that extensive land clearance

mate change. across the Australian continent has contributed to some long-
term climatic trends (Murphy and Timbal, 2008). Rainfall re-

4.2 Hydrological drivers and their interactions with cycling feedbacks (and the memory the system has of previ-

climate processes ous rainfall) is poorly understood because the soil moisture-

vegetation-rainfall feedbacks are complex. However, it is be-
Interactions influencing the MDB hydroclimate (e.g., rain- lieved to be important in determining downwind rainfall in
fall, temperature, runoff, streamflow, etc.) are not limited continental areas (Koster et al., 2004). This is an area of on-
to those between climate processes. Hydrological and langoing research that also has, as an added complexity, the dif-
surface processes also play an important role in regulatingdiculties and computational limitations associated with inte-
hydroclimatic variability in the MDB. Rainfall and surface grating land surface models with climate models.
temperature persistence are related to soil moisture, which
can retain some memory of the recent climate (Timbal et
al., 2002). Antecedent land surface conditions play an im-
portant role in runoff and streamflow variability (Chiew et
al., 1998; Kiem and Verdon-Kidd, 2009). CSIRO (2008) also
suggests that it is likely that after a prolonged dry period,
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5 A framework for focussing climate information for 5.1 Case study: identifying potential causes of the
natural resource management Big Dry (ca. 1997-2010)

The framework presented above is now applied to a case

Knowledge of the MDB hydroclimate, and its driving mech- study, namely, the Big Dry (ca. 1997-2010). Here, we fo-
anisms, assists NRM in developing appropriate managemerfius solely on the rainfall deficits to simplify the frame-
strategies. As this environment changes management stratork for presentation. However, formal event attribution for
gies must be adapted. Given that the MDB has large naturaNRM should be applied to multiple variables (i.e., incorpo-
climate cycles and more recently the possibility of anthro-rate knowledge of other changes such as soil moisture, tem-
pogenic influences, it is critical that NRM is better able to peratures, etc.). The major characterising features of the Big
isolate the potential causes of extremes or changes in the clPry are identified below and each feature is tagged with the
mate. superscripts 1-7 for later comparison with climate processes.
There are numerous, complex processes modulating the o
MDB hydroclimate (see Sects. 3 and 4) and sifting through®-1-1 ~ Spatial signatures
this vast amount of knowledge can be an arduous task. So, W_?

present a broad framework that summarises the relevant cli- he rainfall deficits were mainly confined to the southern

1 e .
matic information and assists in isolating the possible causeg/”:)ﬁ1 ) TP:efl?rrlgest Qef|c|£c§ V\éereN"l t?ﬁ Iadr sourt:t\east alnd
of a climatic event. It is important to note that this is a sim- southwes 3_ ti reglotr;]( IgM|3)|§fo © 19%7 rg(l;ge %/vas aso
plified framework for a complex problem and will not pro- experienced in the horthern rom B , NOWEVET,

or this exercise the northern MDB drought is considered to

vide definitive answers. This is because the processes prevg-e a different event to the Big Dry, which is characterised by
ously presented do not equal the sum of knowledge require rainfall deficits in the southern MDB from 1997-2010.

for complete understanding of a climate system that is sub-
stant|ally c_haot|c gnd involves complex nonllln(_egr and non-g 4 5 Temporal signatures
stationary interactions — as well as several significant knowl-

edge gaps. However, the framework does allow the user terhe 13-yr rainfall deficit was primarily driven by consistently
qualitatively estimate the likelihood of a cause of a climatic |g\er than normal rainfall during auturArHowever, several
event. We stress that this framework is not intended to be gngjvidual years also experienced deficits during winter and
decision-making tool — only to better focus understanding. - gpring (Verdon-Kidd and Kiem, 2009b). While deficits gen-
The framework breaks down a climatic event into its fun- grajly did not last more than a few consecutive seasons, there

damental components, isolating (i) spatial signatures, (ii)yas a distinct lack of periods with very high rainfa{Gal-
temporal signatures and (iii) small-scale evolution. Spatialjgnt and Karoly, 2010).

information identifies the regional coverage of the event, in-
cluding where it occurred and over what size area. Tempo5.1.3 Small-scale evolution
ral signals identify the persistence of the event, including
any seasonality or recurrence. For example, a single seasdfhere was a lack of high one-day rainfall tofal®lurphy
might experience an extreme climatic event, but this may re-and Timbal, 2008; Verdon-Kidd and Kiem, 2009b), which
occur for multiple years. Small-scale evolution deconstructsis consistent with a reduction in the amount of rainfall as-
the event to isolate the small-scale features. For example, thgociated with cut-off low pressure systems over this périod
make-up of the daily rainfall distribution causing a seasonal(Pook et al., 2006; Mcintosh et al., 2007) and an absence
anomaly — is the deficit due to a lack of rain days, or a de-of persistent pre-frontal troughs that aid the penetration of
crease in rainfall intensity or magnitudes? Small-scale evo+ain producing cold fronts into the southern MBB/erdon-
lution also includes assessing changes in weather systems.Kidd and Kiem, 2009a; Alexander et al., 2010). The re-
Following the characterisation of an event using the abovecent drying has also coincided with an increase in regional
framework, the event's features can be compared to thossurface pressufgDrosdowsky, 2005; Timbal and Murphy,
typical of the known climatic drivers described in Sects. 3 2007; Larsen and Nicholls, 2009; Williams and Stone, 2009;
and 4. This comparison allows the user to rank the possiblélexander et al., 2010). The Big Dry has also been associated
mechanisms, where the ranks are based on the consistengyith abnormally high temperatures (Nicholls, 2004; Gallant
between a feature and the known impacts of a climatic pro-and Karoly, 2009). However, the causal mechanisms behind
cess. Allowances must be made where the consistency behe relationship between elevated temperatures and the hy-
tween the fundamental elements of the event and the climatidroclimate (e.g., evaporation and streamflow) are largely un-
driver are unknown or the uncertainty is large. The considerknown when compared with changes in other atmospheric
ation that there are likely to be processes (or interactions andonditions such as radiation, humidity and wind (Donohue et
feedbacks) of which we are currently unaware that are affectal., 2010). This is another area in need of further study.
ing the event must also be made. These caveats are discussedAs the drought primarily occurred on inter-annual and
in the case study presented below. longer time scales with symptomatic small-scale changes
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(i.e., weather systems), Table 1 present simplified summariea positive SAM and this is consistent with Fig. 7. The lack
of climate processes (from Sect. 3) relevant to these timeof La Nifia events during the 1990s (i.e., the initiation of the
scales. Table 2 then compares the seven main features of thgig Dry) is also consistent with the IPO being in a positive
Big Dry to this information, thus, focusing causal candidates.phase (Kiem et al., 2003).
Note that while the simplified comparison in Table 2 identi- The rankings from Table 2 are also in agreement with
fies where links between drought features and climate proNicholls (2009) and Verdon-Kidd and Kiem (2009b) who
cesses are unknown, it does not incorporate the uncertairsuggested that a consistently positive SAM since the 1990s,
ties described in Sects. 3 and 4, which are very importantassociated with a poleward retraction of the mid-latitude
(see later discussion). Further, longer term trends in sometorm track (Frederiksen et al., 2011), may be responsible
inter-annual processes have recently been identified includfor the recent trends in southeast Australian rainfall. How-
ing an increase in the intensity of the STR (Drosdowsky, ever, there are some conflicts between these results and other
2005; Timbal and Murphy, 2007; Larsen and Nicholls, 2009; studies that show there are no significant associations be-
Williams and Stone, 2009) and a poleward retraction of thetween southeast Australian autumn rainfall and the SAM
mid-latitude storm belt (Frederiksen et al., 2011) which is (Hendon et al., 2007; Timbal and Murphy, 2007; Risbey et
consistent with trends towards a more positive SAM (Mar- al., 2009). However, the critical difference is that the stud-
shall, 2003). As such, these trends have also been includei@s finding no significant associations have only examined
and assessed in Table 2 as potential causal mechanisms thfe SAM in isolation as opposed to considering interactions
the Big Dry. with other processes (e.g., Figs. 6 and 7), which potentially
Based on the number of consistencies, unknowns and inenhance/suppress typical impacts (Kiem and Verdon-Kidd,
consistencies between each drought feature and climate pr@010).
cess indicated in Table 2 it is then possible to rank the most The association between the intensity of the STR and rain-
likely causal mechanism(s) of the Big Dry with the highest fall variations has also previously been suggested as a poten-
ranks given to those processes with the most consistencigfal cause (Timbal and Murphy, 2007; Timbal et al., 2007,
and fewest inconsistencies. Note this method is biased toMurphy and Timbal, 2008; Larsen and Nicholls, 2009).
wards those processes that are most well understood and dhough plausible, it is unclear whether an increase in STR
such processes that included many unknowns should not neé@atensity is the ultimate cause. Indeed, Fig. 6 shows posi-
essarily be ruled out as possible causes. tive relationships between STR intensity and SAM during
Using the above approach, the most likely causal mechaautumn and winter that indicate that the SAM is associated
nisms behind the Big Dry were (in order); a southerly shift with up to 44 % of the variance in STR intensity (the largest
in the storm track; ENSO/SAM interactions, increases inrainfall declines have been reported during late autumn and
STR intensity; anthropogenic climate change; more positiveearly winter; Murphy and Timbal, 2008; Verdon-Kidd and
SAM; and the IPO/PDO. Less likely was Indian Ocean vari- Kiem, 2009b).
ability and ENSO, when considered as isolated processes, All hypotheses of the cause of the Big Dry have a common
mainly due to the inconsistencies in the seasonality of thesimilarity. That is, all involve decadal scale variations in the
most persistent rainfall deficits. While it is likely that these major climate drivers and how they influence southern MDB
processes contributed to a worsening of the drought, on theirainfall, and that the causes are possibly linked, either via in-
own they were probably not responsible for the majority of teractions with each other or via some ultimate cause, which
the rainfall deficits (Verdon-Kidd and Kiem, 2009b). Also may include anthropogenic climate change (Thompson and
worth noting, although there is no evidence of this in exist- Solomon, 2002; Arblaster and Meehl, 2006). Indeed, the pos-
ing literature, is the possibility that the Big Dry was caused sible climate processes responsible for the drought identified
by interactions between IPO, ENSO and SAM. This infer- in Table 2 are probably a combination of both natural and an-
ence is based on the following reasoning: IPO modulates théhropogenic sources. However, although anthropogenic cli-
magnitude and frequency of ENSO impacts, the impacts ofmate change was identified as a possible or partial cause of
ENSO are also modulated by SAM and vice versa, thereforethe drought there are very large uncertainties stemming from
it is possible that IPO also influences SAM impacts (eithermany sources that surround this statement.
directly or via IPOs modulation of ENSO impacts). This hy-  The most obvious source of uncertainty is that there are
pothesis is currently under investigation. numerous aspects of the climate system that are still not well
The high ranking of ENSO/SAM interactions supports the understood and probably many more that are yet to be iden-
point made previously (see Sect. 4, Figs. 5, 6 and 7), that altified. This is particularly true of decadal and longer-scale
climate processes have some degree of interaction and shouftocesses for which knowledge is fundamentally limited by
not be taken as isolated causes. For example, the three Lalack of observations (e.g., the MDB only has 110yr, or 11
Nifia events occurring during the Big Dry were been asso4independent decades, of climate records). This makes it par-
ciated with unusually low rainfall in the context of histor- ticularly difficult to gauge the true extent of decadal-scale
ical events (Gallant and Karoly, 2009). Kiem and Verdon- variations in MDB hydroclimate (i.e., to put the Big Dry into
Kidd (2009) attribute this to a compounding influence from context) and to differentiate between the impacts of natural

Hydrol. Earth Syst. Sci., 16, 20492068 2012 www.hydrol-earth-syst-sci.net/16/2049/2012/



A. J. E. Gallant et al.: Understanding hydroclimate processes in the Murray-Darling Basin 2063

Table 1. The seasonality of the inter-annual and longer hydroclimate processes for the Murray-Darling Basin is identified. The “x” indicates
the months in which previous studies (see Sect. 3) have reported an influence of the process stated in the left-half column on the Murray-
Darling Basin’s climate. The months in bold (March, April, May, June) are those that experienced large and persistent rainfall deficits during
the Big Dry (ca. 1997—-2010).

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Inter-annual processes

El Nifio — Southern Oscillation X X X X X X X X X X
Indian Ocean SSTs X X X X X X
Southern Annular Mode X X X X X X X X X
Sub-Tropical Ridge Intensity X X X X

Sub-Tropical Ridge Position X X X
Tropical North Australia SSTs X X X
ENSO/SAM interactions X X X X X X X X X X X X
Inter-decadal — centennial

Inter-decadal Pacific Oscillation X X X X X X X X X
Anthropogenic climate change X X X X X X X X X X X X

Table 2.Identifies the characteristics of the Big Dry that are consis- inter-decadal to centennial variability and anthropogenic cli-
tent with the typical influences of known climate processes. Thesemate change. This can be overcome by continuing two major
include similarities in spatial and temporal features and associategesearch streams.

small-scale influences e.g., the influence of an inter-annual process The first involves complementing the limited instrumen-
on weather systems. The seven major defining characteristics of they| racord (approximately 100yr) by extending the histori-
drought identified in Sect. 5 are stated below the table. A tick indi- o5 o064 Using various sources of palaeoclimate informa-
cates that a characteristic feature of the drought is consistent Wlttion (Verdon and Franks, 2006; Lough, 2007; Gallant and

current understanding of how the processes in the far-left column

influence the regional climate, a cross indicates an inconsistenc?ergis' 2011). Verdon and Franks (2006) estimated varia-

and a dash indicates that the link between that characteristic and tHéONS in east Australian rainfall using reconstructions of the
climate process is unknown. PDO for the past 400yr. More recently, Gallant and Ger-

gis (2011) and Gergis et al. (2012) developed an experimen-
Characteristic drought feature a b ¢ d e f g talreconstruction of River Murray streamflow and southeast
Australian rainfall, respectively, and showed that the stream-
flow deficits associated with the Big Dry were very rare, but

Inter-annual processes

El Nifio — Southern Oscillaton v x v - - X
Indian Ocean SSTs v X v o= - = - not necessarily unprecedented during the period 1783-1988.
Southern Annular Mode A A In both studies, palaeo records indicate there have been large
Sub-Tropical Ridge Intensity v v v = = = v decadal-scale variations in the east Australian hydroclimate
Sub-Tropical Ridge Position v X X - = =V ior to the inst tal d. pal limat t
Tropical North Australia SSTs v x v - — — - prior to the instrumental record. Palaeoclimate reconstruc-
ENSO/SAM interactions v v v - v - tions are useful for estimating the bounds of past climate
Inter-decadal — centennial variability. However, interpreting the physical processes be-
fter:'decada'_ Paﬁ'f'c OS‘;‘”""“O” v ? L hind the pre-instrumental variations is difficult. This is some-
Tr’l\tnézpoge”'cc'mate change v Voo - thing that can only be properly studied via complementary
Trend in STR intensity v v v - - = Y modelling studies. ) )
Southerly shiftinstormtrack v v v - - v To date, much of our understanding of the processes driv-
Warmer Indian Ocean SSTs v x v - - - - ing the MDB climate has been established through the iden-
Major defining characteristics of the Big Dry. tification of consistent patterns and modes of variation in the
:Impacts the southern Murray-Darling Basin (south of approximatehy§33 atmosphere/ocean system. As such, the second approach to
Persistent late autumn and early winter (March-April-May-June) rainfall deficits. : _ : F .
¢ Occasional winter/spring rainfal deficits. understanding decadal-scale hydroclimate variations, which
d Lack of high rainfall periods and high one-day rainfall totals. as mentioned is difficult with limited instrumental data, is via
€ Reduction in rainfall stemming from cut-off low pressure systems. studies utilising climate models that represent the fundamen-
f Absence of rain-bearing troughs. . .
9 Increases in surface pressure. tal physics of the atmosphere/ocean system. However, this

presents a further problem, as climate models can still not
sufficiently model all these processes that are known to drive
regional hydroclimatic variability. A subsequent issue is that
their teleconnections with regional climates are not well cap-
tured. Thus, while climate models may suggest a particular
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future change that is consistent with a present-day trend, ianother; (ii) determine the extent of their independence and
is difficult to ascertain whether the mechanisms behind theséow their contributions vary spatially and temporally; (iii)
trends in model-space are consistent with reality. This is adiscriminate between impacts associated with natural and an-
knowledge gap that requires immediate attention. thropogenic climate variations; (iv) develop (and/or improve)
Given the lack of understanding about the physics behinctlimate models to have greater confidence in future climate
both anthropogenic and natural processes, we suggest thptojections — it is unclear how climate models (either statisti-
if a framework similar to that presented here is utilised by cal or dynamical) can simulate climate processes that we do
NRM, that a weighting should be applied to each process thahot yet properly understand.
is inversely proportional to the uncertainty (i.e., the higher
the uncertainty the less weight given to that causal process-3 Improving understanding of interactions between
This weighting factor may be arbitrary or based on some  climatic and hydrological processes
guantitative measure of uncertainty associated with each pro- . ) o o
cess. Developing such weighting factors is a complex procesS€ction 4.2 described the limited body of work examining
and is outside the scope of this paper. So at present, the belf€ractions between ocean-atmosphere circulation patterns
we can do given the current state of knowledge is to proposé‘”d hydrologlcaI/Iand—surfacg processes. legn its potential
how the processes we understand, and the interplay betwedfPortance, further examination of (i) connections between
them, fit in the context of this event (Table 2). However, it is antecedent hydrological conditions and/or land cover change

important to remember that the certainty of our attribution is 2nd regional climates; (ii) the mechanisms driving the ap-
proportional to our understanding and hence, is limited by it Parent relationship between increased temperature and de-
creased streamflow; (iii) the possibility of a rainfall recycling

phenomena (Koster et al., 2004) in the MDB, is required.

6 Concluding remarks ) ) )
6.4 Improving the representation of climate processes

This paper demonstrates advances in our understanding of  in climate models

the climate processes influencing the MDB, however, it also ) o
highlights that there is much that is not well understood. TheClimate models provide a complementary way of examining
framework presented in Sect. 5 is designed to improve unvarations in MDB hydroclimate. However, improving how
derstanding to better focus NRM. So, in conclusion we sum-Climate models simulate the processes that drive the MDB
marise the key areas of research that we believe will assist iftydroclimatic variability is crucial, as is the need for region-
improving the reliability of hydroclimatic insights and fore- 2lly specific information. Improved modelling capabilities
casts for the MDB (on seasonal to decadal scales) and bettayill assist with the previous three research aims and vice-

quantification of climate related risk for NRM. versa. _ _ _
The research areas outlined above focus on improving un-
6.1 Expanding data records — instrumental and derstanding of natural climatic variations, the processes be-
palaeoclimate-proxies hind these and possible future changes. These research areas

require urgent investigation as it is clear that there is still a
A maximum of 60 to 110 yr of instrumental data are available lot we do not understand with respect to historical climate
in the MDB and other regions that regulate its climate (e.g.,patterns and causal processes in the MDB — and even less is
the Southern Ocean). As such, reliable estimates of climat&nown about the future.
variations on multi-decadal and longer time scales are not
possible due to limited degrees of freedom. This is a problem
for NRM, which often assumes that the instrumental hydro_ACkﬂOWledgementSThe authors would like to thank Jason Alexan-
climate records are representative of current and future clidra and the Murray-Darling Basin Authority for commissioning
matic conditions. Given the lack of long-term instrumental the reports. that formed the basis for this paper. Thank you also to
data, research investment into expansion of the instrumenteipe Australian Bureau of Meteorology for Fig. 3 and Stewart Allen

. or assistance in preparing Fig. 4. AG and DJK are supported by
record and the use of palaeo records is recommended. the Australian Research Council through the Discovery Projects

. . . . funding scheme (project FF0668679).
6.2 Improving understanding of interactions between g (proj )

climate drivers Edited by: C. de Michele

In Sect. 4.1, we performed some simple analysis to highlight
interactions between the processes driving the MDB climate
on multiple time-scales. From this analysis, it is clear that a
better understanding of climate driver interactions on all time
scales is required. Until such knowledge is gained it is diffi-
cult to: (i) know how to assess their impacts relative to one
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