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ABSTRACT

The relative influences of Indian and Pacific Ocean modes of variability on Australian rainfall and soil

moisture are investigated for seasonal, interannual, and decadal time scales. For the period 1900–2006, ob-

servations, reanalysis products, and hindcasts of soil moisture during the cool season (June–October) are used

to assess the impacts of El Niño–Southern Oscillation (ENSO) and the Indian Ocean dipole (IOD) on

southeastern Australia and the Murray–Darling Basin, two regions that have recently suffered severe

droughts. A distinct asymmetry is found in the impacts of the opposite phases of both ENSO and IOD on

Australian rainfall and soil moisture. There are significant differences between the dominant drivers of

drought at interannual and decadal time scales. On interannual time scales, both ENSO and the IOD modify

southeastern Australian soil moisture, with the driest (wettest) conditions over the southeast and more

broadly over large parts of Australia occurring during years when an El Niño and a positive IOD event

(La Niña and a negative IOD event) co-occur. The atmospheric circulation associated with these responses

is discussed. Lower-frequency variability over southeastern Australia, however, including multiyear drought

periods, seems to be more robustly related to Indian Ocean temperatures than Pacific conditions. The fre-

quencies of both positive and negative IOD events are significantly different during periods of prolonged

drought compared to extended periods of ‘‘normal’’ rainfall. In contrast, the frequency of ENSO events

remains largely unchanged during prolonged dry and wet periods. For the Murray–Darling Basin, there

appears to be a significant influence by La Niña and both positive and negative IOD events. In particular,

La Niña plays a much more prominent role than for more southern regions, especially on interannual time

scales and during prolonged wet periods. For prolonged dry (wet) periods, positive IOD events also occur in

unusually high (low) numbers.

1. Introduction

Australian climate is characterized by arid to semi-

arid conditions for large parts of the continent. Such

conditions are prone to large interannual and longer-

term rainfall variability with frequent, pronounced dry

spells, often persisting for a decade or longer. Even so,

the severity of the drought experienced currently across

southeastern Australia (SEA) seems exceptional in its

intensity (Sohn 2007; Murphy and Timbal 2008). The

severely affected Murray–Darling Basin (MDB) is home

to Australia’s largest river system, with about 65% of

the country’s irrigation and approximately 40% of the

total Australian agricultural production taking place

there (ABARE 2009). However, over the last decade,

inflows into the Murray River system were 44% below

the long-term average (CSIRO 2010). This has resulted

in unprecedented socioeconomic and environmental

impacts for the region with rural and metropolitan

water restrictions, declines in agricultural production,

far-reaching damage to the various ecosystems, and

increased risk of bushfires (LeBlanc et al. 2009). The

drought presently affecting SEA is ‘‘one of the most se-

vere observed recently in the world’’ (LeBlanc et al. 2009)

and has been dubbed the ‘‘Big Dry’’ (Sohn 2007). Yet,
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causes of the Big Dry are still widely debated and a bet-

ter understanding of the factors influencing multiyear

drought cycles across SEA is warranted.

The latest SEA drought has been accompanied by

sustained long-term declines in precipitation across south-

ern regions of Australia, with the majority of the de-

crease over SEA occurring during late austral autumn

(e.g., Murphy and Timbal 2008, and references therein).

Cai and Cowan (2008a) linked this autumn rainfall de-

cline to changes in the El Niño–Southern Oscillation

(ENSO), more specifically an increased (decreased) fre-

quency of El Niño (La Niña) events. This coincided with a

reduction in rain-bearing northwest cloud bands result-

ing from changes in atmospheric wave trains associated

with subtropical Indian Ocean SST anomaly patterns,

possibly due to long-term Indian Ocean warming (Cai

and Cowan 2008a). During austral winter and spring, Cai

et al. (2009) suggested that the higher frequency of pos-

itive Indian Ocean dipole (IOD) events since the 1950s

could potentially account for a large proportion of the

SEA rainfall reduction during that season. In contrast,

Nicholls (2009) linked the autumn rainfall trend to in-

creases in pressure over Australia, possibly driven by

the positively trending southern annular mode (SAM):

in excess of 70% of the observed rainfall decrease could

be accounted for by the trend in the SAM. Previous

studies (Hendon et al. 2007; Meneghini et al. 2007) also

suggested that trends in the SAM could have contrib-

uted toward rainfall trends across southern regions of

Australia for some seasons. Murphy and Timbal (2008)

proposed that pressure increases, both large scale (i.e.,

associated with trends in the SAM) and regional (i.e.,

due to trends in the subtropical ridge), may have con-

tributed to a decrease in the number and impact of rain-

bearing midlatitude systems over SEA. Because of the

strong relationship between local pressure and pre-

cipitation, Hope et al. (2009) also suggested that the

rainfall decline is related to long-term increases in pres-

sure over southern Australia.

Previous studies mostly saw the present severe mul-

tiyear drought conditions as the culmination of the long-

term decline in rainfall. In contrast, Ummenhofer et al.

(2009a) assessed prolonged drought periods in SEA over

the past 120 years and found them to be strongly linked

to Indian Ocean variability. More specifically, a con-

spicuous absence of the negative phase of the IOD

(Saji et al. 1999; Webster et al. 1999) deprived SEA of

its normal rainfall quota throughout all the major

iconic droughts of the twentieth century, including the

most recent Big Dry. The present study builds on this

previous work by taking an integrated view of the hy-

drological conditions across SEA, assessing both at-

mospheric and terrestrial branches and the links to

ENSO and IOD during prolonged droughts over the

past century.

On interannual time scales, SEA precipitation is mod-

ulated by both of these tropical climate modes. As the

dominant coupled mode of tropical Pacific Ocean vari-

ability, ENSO exerts a considerable influence on Aus-

tralian climate. Traditionally, ENSO has been seen as a

driver of both rainfall variability (e.g., Ropelewski and

Halpert 1987; Drosdowsky and Williams 1991, and ref-

erences therein) and severe droughts (e.g., Nicholls 1988;

Wang and Hendon 2007). ENSO’s influence is strongest

over eastern and northeastern regions of Australia, es-

pecially in winter and spring (Risbey et al. 2009b, and

references therein). However, SEA is also significantly

affected by ENSO events on interannual time scales.

Furthermore, variations between different types, or ‘‘fla-

vors,’’ of El Niño events have recently gained attention

with the recognition that these different flavors can in-

duce very different precipitation responses across the

Pacific region in general (Ashok et al. 2007; Weng et al.

2007) and Australia in particular (Wang and Hendon

2007; Brown et al. 2009; Taschetto and England 2009;

Taschetto et al. 2009). Teasing apart such complex re-

lationships and teleconnection patterns is further ham-

pered by the frequent co-occurrence of ENSO and IOD,

a consequence of ENSO being at least a partial driver of

IOD variability.

The IOD is characterized by an out-of-phase relation-

ship between equatorial sea surface temperatures (SSTs)

in the eastern and western Indian Ocean and a coincident

reorganization of the large-scale atmospheric circula-

tion (Saji et al. 1999; Webster et al. 1999). Being strongly

phase locked to the seasonal cycle, the IOD mainly af-

fects rainfall across western and southern regions of

Australia during winter and spring. During a positive

IOD, dry conditions are more prevalent over southern

Australia due to an anomalous anticyclonic circulation

at low levels over the eastern tropical and subtropical

Indian Ocean (Ashok et al. 2003). In model simulations,

Ummenhofer et al. (2009b) found that enhanced me-

ridional SST gradients across the eastern Indian Ocean

as seen during negative IOD events led to a matching

pattern of changes in the thickness gradient. The re-

sulting thermal wind response strengthened the onshore

moisture advection causing anomalous wet conditions

over western and southern Australia. Similarly, negative

IOD years over the last 120 years have been character-

ized by enhanced tropical moisture flux and consistently

above-average rainfall over SEA (Ummenhofer et al.

2009a).

The frequent co-occurrence and widely debated de-

gree of dependence of the IOD on Pacific forcing high-

light the importance of separating the relative impacts
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of these climate drivers on Australian precipitation. Sev-

eral studies have assessed the interactions and relative

influences on Australian interannual precipitation of the

two bordering tropical ocean basins (Meyers et al. 2007;

Risbey et al. 2009a,b). In particular, Meyers et al. (2007)

devised a classification to distinguish independent and

co-occurring ENSO and IOD events. They found dis-

tinct rainfall patterns across Australia for ‘‘pure’’ and

combined ENSO–IOD events, highlighting the atmo-

sphere’s sensitivity to small SST changes in both the

Pacific and Indian Ocean basins. Risbey et al. (2009a)

used this ENSO–IOD classification to assess differences

in the synoptic situation over SEA. During years with

co-occurring La Niña and negative IOD, an enhanced

meridional thickness gradient favorable for cutoff low

pressure system formation and increased rainfall were

observed over SEA. The opposite occurred during years

with an El Niño and positive IOD event (Risbey et al.

2009a).

Adding a further level of complexity, these telecon-

nection patterns are not stationary in time, but vary on

decadal time scales and beyond. ENSO’s influence on

Australian precipitation varies on multidecadal time

scales depending on the phase of the Interdecadal Pacific

Oscillation (IPO; Power et al. 1999a). When the IPO is

in its positive phase, with warmer equatorial Pacific SSTs,

the relationship between ENSO and Australian rainfall

is weak, compared to periods of negative IPO. Similarly,

Arblaster et al. (2002) found a weakened relationship

between Australian rainfall and ENSO during such de-

cadal periods of positive tropical Pacific SST anomalies

related to a flattening in the slope in the equatorial ther-

mocline with an associated reduction in ENSO variability.

Decadal variability in the Indian Ocean was also found

to modulate rainfall over eastern Australia (Power et al.

1999a). A decadal signal in the strength of the IOD has

also been identified in observations (Ashok et al. 2004)

and model simulations (Tozuka et al. 2007), with pos-

sible impacts on the climate of the surrounding land-

masses. Due to the interaction of ENSO and IOD on

longer time scales, it is important to also investigate de-

cadal variations spanning the full Indo-Pacific region.

D’Arrigo et al. (2011) investigated long-term variability

across the tropical Indo-Pacific system and the response

for Indonesian climate from paleoproxy records. They

found periods of suppressed/enhanced tropical variability

to be coherent in both ocean basins. By partitioning years

into neutral, ‘‘pure,’’ and combined ENSO–IOD years,

we will explore here how the impacts of the tropical Indo-

Pacific system on Australian precipitation vary on inter-

annual and longer time scales and how this relates to

prolonged dry and wet periods in SEA, focusing on the

cool season (June–October). It is this period when rainfall

is of most importance to the major agricultural enter-

prises such as grains and dairy.

The interconnection between the tropical Indian and

Pacific system calls for a combined assessment of their

impacts on precipitation over eastern Australia. Varia-

tions in the interaction of ENSO and the IOD on differ-

ent time scales, from seasonal to interannual and decadal,

suggest that teleconnection patterns linked to these modes

might also vary. For this purpose, we introduce the con-

cept of ‘‘intervals,’’ that is, prolonged multiyear periods

of anomalous dry and wet conditions, in addition to the

more commonly used approach of interannual variability.

Specifically, it is of interest to explore whether the in-

fluences that ENSO and IOD have on Australian rainfall

are the same on both the year-to-year time scales and also

during these intervals or lower-frequency time slices.

Though not explicit, this approach of intervals was em-

ployed by Ummenhofer et al. (2009a) to investigate

prolonged droughts over SEA. Here, we expand on this

previous work by including both prolonged dry and wet

periods. Furthermore, the spatial domain is extended to

contrast results obtained for SEA with those for the MDB.

A key emergent issue within this context is nonlin-

earity across spatial and temporal scales. In regard to

temporal aspects, we explore whether the dominance of

a particular driver of Australian hydrology is dependent

on the time scale examined. Decadal modulation, as

discussed above, of the impact of ENSO on Australian

rainfall and its predictability (e.g., Power et al. 2006) add

extra complexity to this temporal nonlinearity. Further-

more, we assess whether the interaction of ENSO and

IOD causes a linear spatial response. In other words, is

the anomalous precipitation observed during a year with

co-occurring El Niño and positive IOD equivalent to the

sum of the anomalies during individual events? The key

objective of this study is to explore the relative influence

of ENSO and IOD on Australian hydrology across a

range of temporal scales to assess whether such spatial

and temporal nonlinearities exist.

To characterize prolonged dry and wet periods, it is

advantageous to not only investigate precipitation but

also to assess subsurface water availability. It is actually

the water deficits in deeper soil layers, more so than pre-

cipitation levels, that exert the most significant stress on

natural ecosystems and agriculture alike. LeBlanc et al.

(2009) highlight the importance of focusing on subsur-

face water resources when investigating multiyear drought

and associated environmental impacts on water resources.

During severe droughts, the ongoing loss of deeper wa-

ter resources can occur even after surface water sup-

plies have dried up. Of the total water lost between 2002

and 2006 over SEA, only 3% of this is related to avail-

able surface water, while 83% and 14% were associated
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with groundwater storage and soil moisture, respectively

(LeBlanc et al. 2009). Across southern Australia in re-

cent years, prolonged and severe soil moisture deficits

during the Big Dry resulted in higher mortality in ma-

ture native vegetation (Raupach et al. 2009). In many

basins, soil moisture represents a major water store. Liu

et al. (2009) showed that recent deficits in soil moisture

across eastern Australia had more robust spatial and

temporal signals than did rainfall deficits. Here, we ana-

lyze soil moisture, especially in deeper layers, which re-

acts more slowly to changes in available surface water as

it integrates hydrological effects over longer time scales.

This inertia is useful in distinguishing between high-

frequency interannual variability in precipitation and

the more slowly varying change associated with intervals

in the deep soil moisture. Variability across these differ-

ent time scales will be assessed with respect to influences

from the Pacific and Indian Oceans.

The climate system in the Indo-Pacific region has sus-

tained considerable trends over recent decades. Ocean

temperatures in both the tropical Indian and Pacific

Oceans have been rising, with profound consequences

for the large-scale atmospheric circulation across the

region (e.g., Vecchi et al. 2006; Vecchi and Soden 2007;

Power and Smith 2007; Abram et al. 2008; Ihara et al.

2008). Indisputably, recent higher air temperatures, in

addition to substantial rainfall deficits, have exacerbated

the drought situation over SEA. Nicholls (2004) found

that both the mean maximum and minimum tempera-

tures in this latest drought period are higher than in

previous droughts due to continued continental-scale

warming since the mid–twentieth century almost cer-

tainly caused by increased greenhouse gas concentra-

tions (Karoly and Braganza 2005; Nicholls 2006). Nicholls

(2004) raised the possibility that higher temperatures

and enhanced evaporation could exacerbate the severity

of Australian droughts, even without decreases in rain-

fall. This is consistent with the marked increases in

drought frequency found by Mpelasoka et al. (2008) for

future climate projections. Cai and Cowan (2008b) re-

ported a 15% reduction in annual inflow into the MDB

due to a 18C rise in temperatures. Under these exacer-

bated conditions, the present study can offer insights

into the multiple influences affecting the region’s rain-

fall on short- to longer-term time scales.

The remainder of the paper is structured as follows.

Section 2 describes the datasets and model used. Sec-

tion 3 presents the Australian rainfall and soil conditions

during ENSO and IOD years. In section 4, variations in

the seasonal cycle for southern SEA are presented. For

the southern SEA, interannual versus decadal influences

are compared in section 5, followed by a comparison

of influences. The results for the southern SEA are

contrasted with those for the MDB region in section 6.

Finally, section 7 summarizes our main findings.

2. Methods and data

a. Datasets

For observed Australian precipitation and maximum

air temperature, we use monthly gridded data at 0.058

resolution from the Australian Bureau of Meteorology

(1900–2006; Jones et al. 2009). A focus of this study is on

SEA climate and its links to large-scale climate modes.

Two regions in SEA are considered here (for details see

Fig. 1a):

1) the southern most tip of SEA (hereafter called

SSEA), defined as the land area south of 358S be-

tween 1408 and 1508E, and incorporating the state of

Victoria and parts of southern New South Wales and

eastern South Australia; this area extends the SEA

region defined by Ummenhofer et al. (2009a); and

2) the drainage basin of the Murray–Darling River sys-

tem (hereafter called MDB).

As most of the total annual precipitation in SEA falls

during the cooler months, we focus all our analyses on

June–October, when the links between ENSO–IOD and

SEA rainfall are most pronounced. In addition, these

months are the crucial period for the region’s dominant

agricultural industries, grains and dairy.

To investigate climate conditions during ENSO and

IOD events, a suite of reanalysis products are used. At-

mospheric circulation anomalies are assessed with data

developed jointly by the National Centers for Environ-

mental Prediction (NCEP) and the National Center for

Atmospheric Research (NCAR) reanalysis (NNR) pro-

ject (Kalnay et al. 1996; Kistler et al. 2001). Monthly data

are used for the period 1948–2006, though all analyses

were checked for robustness by using the shorter period

1957–2006 with improved data quality. In addition, NNR

results were compared to those obtained from the 40-yr

European Centre for Medium-Range Weather Forecasts

(ECMWF) Re-Analysis (ERA-40; Uppala et al. 2005) for

the period 1957–2001. If not otherwise indicated, we only

show results with NNR due to its more extended data

record. The atmospheric variables analyzed include cir-

culation and moisture flux integrated below 500 hPa.

Monthly SSTs are taken from the Hadley Centre’s Global

Sea Ice Coverage and Sea Surface Temperature (HadISST)

dataset for the period 1900–2006 (Rayner et al. 2003).

b. ENSO/IOD classification

To assess the relative influences of ENSO and IOD

for the period 1900–2006, all years were classified accord-

ing to the respective state of the Pacific and Indian Oceans.
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The classification is based on the methodology developed

by Meyers et al. (2007) and extended by Ummenhofer

et al. (2009a) to 2006. The same classification is used

here (Table 1) and has been reproduced from the auxil-

iary material in Ummenhofer et al. (2009a). As described

by Meyers et al. (2007), the classification, though sta-

tistical in nature, is physically based. For both ENSO

and the IOD, the key process used to classify the two

modes is upwelling. In contrast to earlier classifications,

it focuses on the entire Indo-Pacific region, rather than

the Pacific Ocean only. Furthermore, the classification is

not only reliant on SST data, but also incorporates at-

mospheric circulation data. It highlights independent

events in the Indian Ocean by removing the ENSO sig-

nal first. The classification produces a 3 3 3 matrix of

possibilities (Table 1).

For the different ENSO–IOD classifications, com-

posites of June–October SST anomalies are shown as

an equivalent 3 3 3 matrix in Fig. 2. Two combinations,

namely a negative IOD (nIOD) co-occurring with an

El Niño (EN) event and a La Niña (LN) with a positive

IOD (pIOD), occur very rarely in the historic record in-

vestigated here, making composite patterns statistically

unreliable. As a result, we do not present these combi-

nations. The combined categories, that is, a pIOD co-

inciding with an El Niño event (Fig. 2b) and an nIOD

with a La Niña (Fig. 2f), show generally enhanced SST

anomalies compared to the individual or pure cate-

gories. This is especially apparent to the northeast and

north of Australia around the Indonesian Archipelago,

a region that has previously been found to be important

for modulating Australian rainfall (e.g., Nicholls 1989;

Frederiksen and Balgovind 1994; McIntosh et al. 2007).

The key mechanism of upwelling highlighted by Meyers

et al. (2007) is seen as anomalously strong upwelling off

Java and Sumatra for pIOD events, as coupling between

Kelvin waves in the thermocline and the mixed layer

SST is a fundamental mechanism in the Bjerknes feed-

back. The upwelling signature in eastern Indian Ocean

SST appears clearly in the map for pIOD (Fig. 2e), but

not in the one for El Niño (Fig. 2a). It is worth noting

that upwelling also appears in the map for combined

El Niño and pIOD events (Fig. 2b). For a more detailed

discussion on the SST anomalies in the individual cate-

gories, refer to Meyers et al. (2007, and references therein).

c. Australian Water Availability Project

For upper- and lower-layer soil moisture levels, we use

gridded monthly estimates of relative soil water content

(1900–2006), modeled at 0.058 resolution across the con-

tinent as part of the Australian Water Availability Project

(AWAP; Raupach et al. 2009).

AWAP uses a simple two-layer dynamic water bal-

ance model to determine the state of soil moisture and

all water fluxes contributing to changes in soil moisture

(precipitation, transpiration, soil evaporation, surface

runoff, and deep drainage). The model determines the

soil water balance in two layers: soil depths range be-

tween 0 and 0.7 m for the upper layer and 0.5 and 1.9 m

for the lower layer. Precipitation is a specified forcing

flux. Transpiration and soil evaporation are each modeled

FIG. 1. (a) Australian mean precipitation (mm month21) aver-

aged for June–October over the period 1900–2006. The spatial

extent of the MDB and SSEA are shown by the black dashed and

solid lines, respectively. (b) Data quality map for the daily pre-

cipitation time series (Jones et al. 2009) used as model forcing for

the generation of AWAP soil moisture. The map shows the effects

of the expansion (mostly) of the rain gauge network during 1900–

2006 on the reliability of the interpolated surfaces, particularly in

the west. Gray areas are not modeled due to absent parameter data

(oceans, salt lakes, salt pans, inland water, some coastal features).

Black areas (100% unreliable) show consistent interpolation fail-

ure due to the sparse gauge network in the central and western

deserts. White areas are reliable throughout the record within the

constraints of the interpolation scheme (Jones et al. 2009). Blue-

shaded areas should be treated with varying degrees of caution. For

modeling purposes, daily averages calculated from corresponding

monthly reanalyses were substituted for areas identified as un-

reliable in the daily data.
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as the lesser of an energy-limited and water-limited value,

the energy-limited value is determined from Priestley–

Taylor evaporation as an upper-limit evaporation rate

at landscape scale in well-watered conditions (Raupach

2000). Both transpiration and soil evaporation are modi-

fied for the presence of vegetation using a remotely sensed

vegetation cover fraction. Interlayer drainage fluxes are

modeled from relative soil moisture using power-law

TABLE 1. Classification of years when El Niño or La Niña and/or positive or negative IOD events occurred based on a technique

designed to highlight independent ENSO and IOD years (Meyers et al. 2007). Also shown are years of neutral conditions. [Table re-

produced from Ummenhofer et al. (2009a).]

nIOD Neutral pIOD

El Niño 1930 1877, 1888, 1899, 1905, 1911, 1914, 1918, 1925,

1940, 1941, 1965, 1972, 1986, 1987

1896, 1902, 1957, 1963, 1982, 1991, 1997

Neutral 1915, 1958, 1968, 1974,

1980, 1985, 1989, 1992

1880, 1881, 1882, 1883, 1884, 1895, 1898, 1900,

1901, 1904, 1907, 1908, 1912, 1920, 1921, 1927,

1929, 1931, 1932, 1934, 1936, 1937, 1939, 1943,

1947, 1948, 1951, 1952, 1953, 1959, 1960, 1962,

1966, 1967, 1969, 1971, 1976, 1977, 1979, 1983,

1990, 1993, 1995, 2001, 2002, 2003, 2005, 2006

1885, 1887, 1891, 1894, 1913, 1919, 1923,

1926, 1935, 1944, 1945, 1946, 1961,

1994, 2004

La Niña 1906, 1909, 1916, 1917,

1933, 1942, 1975

1878, 1879, 1886, 1889, 1890, 1892, 1893, 1897,

1903, 1910, 1922, 1924, 1928, 1938, 1949, 1950,

1954, 1955, 1956, 1964, 1970, 1973, 1978, 1981,

1984, 1988, 1996, 1998, 2000

1999

FIG. 2. Composite of the SST anomalies (8C) in the different ENSO–IOD categories with the number of members (n) in each category

indicated; anomalies are for June–October over the period 1900–2006. The area enclosed by the dashed contours denotes anomalies that

are significant at the 90% confidence level as estimated by a two-tailed t test.
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formulations. Surface runoff is determined from satu-

ration excess in the upper soil layer, and deep drainage

as the drainage outflow from the lower layer. Both sur-

face runoff and deep drainage are treated as fluxes out

of the control volume for the soil moisture model into

waterways; that is, the water balance is computed in

discrete cells without interactions between cells through

lateral water transfers [Liang 1994; Liang et al. 1994;

similar, e.g., to the variable infiltration capacity (VIC)

model].

The model requires inputs of meteorological data

(daily precipitation, solar radiation, and maximum and

minimum temperatures), soil-layer depths and saturated

volumetric water-holding capacities, and vegetation frac-

tion cover. Soil properties are obtained from the Digital

Atlas of Australian Soils (McKenzie and Hook 1992;

McKenzie et al. 2000). Vegetation is specified using

monthly mean maps of the fraction of absorbed photo-

synthetically active radiation from the Sea-viewing Wide

Field-of-view Sensor [SeaWiFS; see Raupach et al. (2009)

for details]. The meteorological data are from quality-

controlled daily gridded (0.058) meteorological fields

(Jones et al. 2009). Rainfall surfaces are available from

1900 to the present, temperatures from 1910 to the pres-

ent, and solar radiation from 1990 to the present. To en-

able soil moisture runs starting in 1900, available monthly

climatologies were used as surrogates for daily temper-

ature and solar radiation data where necessary in the

earlier part of the record (for temperatures, the period

1900–10 was filled with 1911–40 monthly climatology;

for solar radiation, 1900–89 was filled with 1990–2007

monthly climatology). Tests established that soil mois-

ture and water balance results at monthly and longer

time scales are insensitive to the replacement of tem-

perature and solar radiation data with monthly clima-

tologies (though results would be sensitive to a similar

replacement for precipitation). This shows that our pro-

cess for constructing a meteorological data record from

1900 to 2007 is satisfactory for the present purpose.

Parameterization and testing of the water balance

model is described fully in Raupach et al. (2009). Briefly,

the model includes several spatially uniform parameters

that were determined by formal parameter estimation

methods. Parameters were estimated using a limited test

set of observations of total runoff (including both sur-

face runoff and deep drainage) in six unimpaired catch-

ments (without significant water storage or extraction).

The parameterized model was then tested against a much

wider set of total runoff data from 200 unimpaired

catchments. This test produced good agreement except

for a small tendency for the model to overpredict total

runoff (typically by 2–3 mm yr21) at low total runoff

(#30 mm yr21).

As a further test, we compared modeled and observed

spatial patterns of the surface–air temperature difference

over the Murrumbidgee basin (;105 km2) in southern

New South Wales in two recent years (2005 and 2006).

Observed values of this quantity were obtained from the

Advanced Along-Track Scanning Radiometer (AATSR)

satellite data on land surface temperature and meteoro-

logical data, and modeled estimates were obtained by

temporally downscaling daily average model predictions

to the time of satellite overpass. The agreement in the

spatial pattern was good.

Here, we use modeled monthly anomalies of relative

soil moisture (defined as a fraction of the saturated

water-holding capacity of the soil) in the upper and lower

soil layers. For most of our main findings, particularly

the relationship between climate drivers (ENSO, IOD)

and soil moisture response, we further transform the soil

moistures to percentile or decile ranks.

There are several reasons for confidence that the mod-

eled monthly soil moistures are sufficiently reliable for

our purposes here. First, the model performance against

the tests described above is good. Second, the tests are

sensitive: in particular, the relationship between total

runoff and precipitation is a strong, nonlinear function

that amplifies precipitation variations by a factor of ;3

in total runoff, under typical Australian conditions where

precipitation is less than potential evaporation (Zhang

et al. 2004). This means that the ability of the model to

reproduce total runoff is a strong test of its ability to

reproduce soil moisture, which is a far weaker function

of precipitation. Third, our main findings depend on

ranks (percentiles or deciles) of soil moisture rather

than on absolute soil moistures. Soil moisture percen-

tile ranks provide a reliable means of intercomparing

different models and of defining drought indices (Luo

and Wood 2007, 2008; Sheffield and Wood 2008). The

AWAP system (Raupach et al. 2009) also uses percentile

ranks for drought assessment. The greatest source of er-

ror in the soil moisture fields is likely to be associated

with the gridded precipitation data, which are highly

uncertain in the poorly gauged center of the Australian

continent (Fig. 1b) but have much better reliability (Jones

et al. 2009) in the southeastern part of the continent,

which is the focus of this work.

3. Relative influences of ENSO and IOD
on Australian hydrology

To understand the relative influences of the different

ENSO–IOD categories on Australian hydrology, anom-

alies of precipitation and soil moisture are presented

(Figs. 3 and 4). A two-tailed t test is used to determine the

significance of spatial anomaly fields. This test estimates
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the statistical significance at which the composite mean

in any one category is distinguishable from the mean of

all years at each grid point.

a. Precipitation

Anomalous dry conditions dominate across the east-

ern half of Australia during years with El Niño, pIOD,

and positive combined events (Figs. 3a, 3b, and 3e).

Both the MDB and SSEA regions are characterized

by lower rainfall in excess of 15 mm month21. Risbey

et al. (2009a) associated this with a reduction in the

atmospheric thickness gradient forced by the SST anom-

alies east of Australia and a resultant weakening of the jet

stream. This change in the background state is unfavorable

for the development of cutoff low pressure systems that

normally bring rain to the southeast (Pook et al. 2006).

Tasmania experiences reductions in precipitation in ex-

cess of 20 mm month21 during El Niño years (consistent

with Hill et al. 2009) and positive combined events, while

only the northeast of the island is affected during a pIOD

(Fig. 3a). During El Niño years, significant reductions in

rainfall are also seen for southwest Western Australia.

FIG. 3. Composite of the precipitation anomalies (mm month21) in the different ENSO–IOD categories with the number of members

(n) in each category indicated; anomalies are for June–October over the period 1900–2006. Only anomalies are shown that are significant

at the 80% confidence level as estimated by a two-tailed t test.
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In contrast, wet conditions occur during nIOD,

La Niña, and negative combined events (Figs. 3c, 3f, and

3g). During nIOD events, a region of above-average

rainfall extends from the northwest to the southeast of the

Australian continent (Fig. 3c). This has previously been

linked to enhanced northwest cloud-band activity (Tapp

and Barrel 1984), though the actual effectiveness of

the northwest cloud bands in delivering the rainfall is

still under debate. Increased tropical moisture advec-

tion has been noted during nIOD events (Ummenhofer

et al. 2009a). An enhanced meridional thickness gradient

forced by the underlying SST anomalies results in a ther-

mal wind response with strengthened onshore flow and

consistent increases in precipitation across western and

southern regions of Australia (Ummenhofer et al. 2009b).

During combined negative events much of Australia is

characterized by anomalous wet conditions, including

the eastern half of Australia, parts of Western Australia,

and northern regions of Tasmania (Fig. 3f). The MDB

and SSEA regions receive increased precipitation in ex-

cess of 25 mm month21. For SSEA, years in this neg-

ative combined category consistently account for the

FIG. 4. Composite of the lower-layer soil moisture anomalies in the different ENSO–IOD categories with the number of members (n) in

each category indicated; anomalies are for June–October over the period 1900–2006. Only anomalies are shown that are significant at the

80% confidence level as estimated by a two-tailed t test.
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wettest periods (Ummenhofer et al. 2009a). La Niña

events bring above-average rainfall over most of the

eastern half of Australia (Fig. 3g). This is associated

with a strengthened meridional thickness gradient, which

enhances the jet stream locally via a thermal wind re-

sponse (Risbey et al. 2009a). The synoptic situation is

thus advantageous for development of rain-producing

systems. However, the center of the largest anomalies

during La Niña events is located more toward the

northeast of Australia (Fig. 3g). The northern reaches

of the MDB receive increased rainfall in excess of

15 mm month21, while the anomalies recorded for the

southern MDB are much smaller and are inconsistent

for SSEA.

Notably across the different categories, the eastern

seaboard east of the Great Dividing Range does not show

anomalies consistent with the wider eastern Australian

region. This affects the densely populated coastal areas,

including the greater metropolitan regions of Sydney

and Brisbane. Precipitation there seems largely deter-

mined by regional circulation features independent of

ENSO and IOD. Similarly, McBride and Nicholls (1983)

found precipitation along the coastal fringe of the east-

ern seaboard to be only weakly correlated with the

Southern Oscillation index during the June–November

months for the period 1932–74.

b. Soil moisture

It is of interest to further track the propagation of the

water received as precipitation through the terrestrial

branch of the hydrological cycle. Water in the ground

as soil moisture represents an important water reservoir

with vital functions for agriculture and ecosystems. We

investigate soil moisture content in two separate layers:

a shallow upper layer and a deep lower layer (Raupach

et al. 2009). Layer thicknesses vary spatially and range

between 0 and 0.7 m (upper) and 0.5 and 1.9 m (lower).

The upper-layer soil moisture closely tracks precipi-

tation for the different ENSO–IOD categories (figure not

shown). The anomalously dry categories during El Niño,

pIOD, and positive combined events show reductions

in upper-layer soil moisture across the eastern half

of Australia. In contrast, the wet categories of nIOD,

La Niña, and negative combined events record increased

upper-layer soil moisture content for southern and east-

ern regions of Australia. When investigating precipita-

tion and soil moisture trends across eastern Australia

from remote sensing data, Liu et al. (2009) observed sim-

ilar patterns between rainfall and soil moisture trends,

although the magnitudes were stronger in the soil mois-

ture in their study. They found ENSO to be an impor-

tant factor in modulating near-surface hydrology across

SEA. Here, we actually find that the strongest negative

(positive) soil moisture anomalies over the SSEA and

MDB regions are observed during positive (negative)

combined events (figure not shown). This highlights the

importance of assessing the state of both IOD and ENSO

when investigating SEA hydrological conditions.

Anomalies of lower-layer soil moisture in the differ-

ent ENSO–IOD categories show more localized regions

with significant responses (Fig. 4). The signal during the

El Niño, pIOD, and positive combined events still pri-

marily show overall drier conditions. However, during

El Niño events, significant dry soil moisture anomalies

are only found locally over parts of Western Australia

and northern New South Wales (Fig. 4a). During the

positive combined years, only a small area in SSEA and

along the eastern seaboard shows a significant positive

response (Fig. 4b). On the other hand, pIOD events are

associated with a pronounced reduction in lower-layer

soil moisture across the eastern half of Australia, espe-

cially over the northeast (Fig. 4e). In contrast to the ‘‘dry’’

categories, the wet categories of nIOD, La Niña, and

negative combined events show larger spatial extents

of significant anomalies in lower-layer soil moisture.

During nIOD events, significant enhanced lower-layer

soil moisture occurs extensively over southern regions

of Australia (Fig. 4c). The spatial extent is more con-

fined to SSEA and parts of Western Australia during

negative combined events (Fig. 4f). La Niña years re-

cord increased lower-layer soil moisture over the north-

east of Australia (Fig. 4g).

As detailed previously, SEA has sustained consider-

able rainfall trends (e.g., Murphy and Timbal 2008, and

references therein) and a better understanding of the

factors modulating the hydrological cycle on seasonal to

interannual and decadal time scales is desirable. For the

remainder of the study, we therefore focus on the regions

of SSEA (sections 4 and 5) and the MDB (section 6).

Both regions experience distinctive variations in precipi-

tation and soil moisture during ENSO and IOD events

(Figs. 3 and 4).

4. Seasonal variability in SSEA

Both ENSO and IOD are most prominent during cer-

tain seasons, more so for the IOD, which is strongly

phase locked to September–November (e.g., Meyers et al.

2007). It is therefore informative to explore the seasonal

variations of the ENSO–IOD responses. Figures 5 and 6

show the seasonal cycle of SSEA-averaged precipita-

tion and lower soil moisture separated for the different

ENSO and IOD categories. The long-term seasonal

cycle is reproduced in each panel as the thick black line.

For each category, the mean seasonal cycle is shown (red
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line), along with the values recorded for individual years

belonging to the various categories (blue dots).

To determine if the precipitation or soil moisture is

significantly modified at different times of the year, a

Monte Carlo test was used. For a given category, n rep-

resents the number of occurrences of that category. From

all years (106 yr in total), we randomly picked n years

and determined their mean seasonal cycle. This was

repeated 25 000 times to produce a probability density

function of expected precipitation/soil moisture by month.

This could then be compared with precipitation/soil

moisture associated with each category. The gray shad-

ing in Figs. 5 and 6 denotes the 5% and 95% lower and

upper bounds of a 90% confidence interval for the ran-

domly generated distribution. Note that this distribution

differs depending on the number of members n, and

therefore the gray-shaded area varies between categories.

Where the red line lies outside the gray-shaded area, the

values are significantly different from the long-term sea-

sonal cycle.

a. Precipitation

From Fig. 5, it is apparent that rainfall in SSEA

generally peaks between June and October, averag-

ing 67 mm month21, while the lowest values of 40 mm

month21 are recorded over austral summer. During

El Niño years, significantly decreased mean rainfall

occurs during August–November (Fig. 5a). This is a ro-

bust signal seen across most years in this category: less

than 30% of El Niño years in September, or approxi-

mately 10% of El Niño years in November, exceed

the long-term mean rainfall expected for that month.

FIG. 5. Composite of the monthly SSEA precipitation (mm month21) in the different ENSO–IOD categories with the number of

members (n) in each category indicated; the seasonal cycle from April to March is shown for the period 1900–2006. The black line

reproduces the long-term seasonal cycle for all years. Within each category, individual years are shown with blue dots; the mean is

indicated with a red line, and its 90% confidence levels by the gray shading, as determined by Monte Carlo testing. Where the red line lies

outside the gray-shaded area, the values are significantly different from the long-term seasonal cycle.
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Similarly, in the positive combined category very few

events between August and January of the following

year record above-average precipitation (Fig. 5b). Dur-

ing pIOD events, a significant decrease in rainfall is only

recorded during August–October (Fig. 5e). However,

a general tendency toward a lower number of months

with wet conditions between July and November is ob-

served in this category: less than 30% of pIOD years

exceed the long-term mean precipitation during June–

October.

For the wet categories nIOD, La Niña, and the nega-

tive combined events, the opposite can be observed, with

generally enhanced cool-season rainfall (Figs. 5c, 5f,

and 5g). During nIOD events, significantly above-average

precipitation occurs during April–May, August, and

October, with the category’s mean rainfall exceeding

90 mm month21 in the latter 2 months (Fig. 5c). A no-

table reduction in the number of dry months during the

May–October period is apparent. The negative combined

events show anomalous wet conditions from May to

November, which is significant for most of these months

(Fig. 5f). Not a single month in this category records less

than 40 mm month21 between June and October. In-

stead, for June–September, more than 70% of the years

in this category exceed the long-term mean rainfall ex-

pected, with many in excess of 90 mm month21.

On the other hand, despite many wet years in the

category, La Niña events fail to show a consistent de-

viation from the expected long-term mean seasonal cy-

cle (Fig. 5g). Only in 45%–60% of La Niña years does

FIG. 6. Composite of the monthly SSEA lower-layer soil moisture in the different ENSO–IOD categories with the number of members

(n) in each category indicated; the seasonal cycle from April to March is shown for the period 1900–2006. The black line reproduces the

long-term seasonal cycle for all years. Within each category, individual years are shown with blue dots; the mean is indicated with a red

line, and its 90% confidence levels by the gray shading, as determined by Monte Carlo testing. Where the red line lies outside the gray-

shaded area, the values are significantly different from the long-term seasonal cycle.
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the rainfall exceed the long-term mean expected for a

given month. The only exception is September, when

70% of La Niñas record above-average precipitation.

Gallant and Karoly (2009) described unusual conditions

over SEA during the La Niña of 2007, with winter

rainfall 35% below average and maximum temperatures

1.268C above average. Based on past variability, they

concluded that only 2% of La Niña events were likely

to have this combined precipitation and temperature

anomaly over the southern regions of the MDB and

suggested modulating influences by the pIOD during

2007. From our analyses, the rainfall anomaly for 2007 is

not unusual for La Niña events. However, the maximum

temperature anomaly is anomalously high (figure not

shown). It therefore seems that the low probability of

only 2% for the combined anomalies during a La Niña

year (Gallant and Karoly 2009) is largely due to the

maximum temperature, not the precipitation. However,

it should be noted that the regions investigated do not

completely coincide.

b. Soil moisture

The seasonal cycle in soil moisture in the lower layer

is also analyzed during the different ENSO–IOD cate-

gories for SSEA. Figure 6 reveals a pronounced seasonal

cycle in the lower-layer soil moisture: soil moisture is

highest in August–October, lowest in February–April.

As such, there is an approximate 2-month lag between

the maximum and minimum in the soil moisture relative

to the precipitation. This is consistent with results from

a cross-correlation analysis between precipitation and

lower-layer soil moisture using monthly values over SSEA

for the period 1900–2006, which showed a maximum cor-

relation of 0.5 ( p value #0.001) at 2-month lag (figure not

shown).

The dry categories of El Niño, pIOD, and positive

combined events show a significant decrease in lower-

layer soil moisture for September–March of the fol-

lowing year (Figs. 6a, 6b, and 6e). Of all the El Niño

years, only 30% exceed the long-term mean soil mois-

ture expected in October, while this drops to only 10%

for December–February. Similarly, only 20% of pIOD

events for November–January and less than 35% of posi-

tive combined events for September–March exceed the

long-term mean soil moisture values.

Significant increases in soil moisture are recorded dur-

ing nIOD, La Niña, and negative combined events for

the second half of the year (Figs. 6c, 6f, and 6g). In the

nIOD and negative combined events, no dry events based

on soil moisture occur until December after September

and July, respectively (Figs. 6c and 6f). From June on-

ward, in excess of 60% of La Niña years exceed the av-

erage expected soil moisture for a given month (Fig. 6g).

However, again a considerable number of dry events are

still evident in the La Niña category. This highlights the

inconsistent signal in precipitation anomalies over SSEA

associated with La Niña events (see Fig. 5g; Ummenhofer

et al. 2009a).

5. Interannual versus decadal influences in SSEA

Given the presence of prominent precipitation and soil

moisture anomalies over SSEA associated with ENSO

and IOD during the second half of the year, the re-

mainder of the study focuses on the June–October months.

We investigate the historic record of average precipita-

tion and soil moisture over SSEA for the June–October

months during the period 1900–2006 and its association

with ENSO and IOD events (Fig. 7). For precipitation,

the years were ranked according to the amount of rain-

fall received and divided into deciles. Extreme dry and

wet years were defined as years in the lowest and high-

est decile (i.e., each containing 11 yr). The same pro-

cedure was followed for upper and lower soil moisture

results.

For precipitation, extreme dry years in SSEA largely

coincided with El Niño (3 times), pIOD (2 times), or

positive combined years (1 time). However, one La Niña

and several neutral years were also associated with anom-

alous dry conditions. On the other hand, extreme wet

conditions occurred during La Niña (3 times), nIOD

(1 time), or negative combined years (3 times). One

pIOD (1923) and one positive combined event (1991)

coincided with anomalously wet conditions. Overall, a

surprisingly good separation into the dry and wet cate-

gories can be seen, associated with below- and above-

average precipitation in SSEA (Fig. 7a).

The upper-layer soil moisture anomalies closely fol-

low the precipitation (figure not shown). However, the

largest positive soil moisture anomalies occurred after

several years of above-average rainfall: this was the case

in the mid-1950s when several high-rainfall years cul-

minated in 1956 in the largest positive upper-layer soil

moisture anomaly seen in the record. A similar effect

was observed for the nIOD in 1974, following the above-

average rainfall associated with La Niña in the previous

year. This cumulative effect is seen more clearly in the

lower soil moisture anomalies (Fig. 7b). For example,

a pIOD in 1913 resulted in a negative anomaly in both

precipitation and upper-layer soil moisture, but no sig-

nal was apparent in the lower-layer soil moisture. The

following year, an even larger decrease in precipitation

associated with the El Niño of 1914 occurred, reflected

also by a large deficit in lower-layer soil moisture. The

years 1915–17 saw enhanced precipitation associated with

an nIOD and two negative combined events (Fig. 7a).
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However, lower-layer soil moisture only reached posi-

tive values in 1917, following 2 years of above-average

rainfall (Fig. 7b). In other words, several high-rainfall years

were required to overcome the lower-layer soil mois-

ture deficit of 1914. Similarly, the large positive anoma-

lies in lower-layer soil moisture of 1956, 1974, and 1989

followed a period of above-average rainfall. On the other

hand, prolonged periods of below-average precipita-

tion and resultant droughts were clearly recorded in the

lower-layer soil moisture, for example, during the 1920s,

the World War II drought, and the Big Dry (Fig. 7b).

The black line in Fig. 7b shows a running 3-yr sum (for

the previous 3 years) of precipitation. The close match

between this summed precipitation and lower-layer

soil moisture demonstrates how the lower-layer soil

moisture essentially acts as a natural low-pass filter.

The 3-yr summed precipitation fairly closely tracks the

lower-layer soil moisture throughout the past century

(Fig. 7b). In those few places where it does not track the

soil moisture, the disagreement is likely explained by the

presence of anomalously high rainfall in the months

preceding the June–October period. Anomalous rain-

fall then is not recorded in the June–October rainfall

total, but does influence June–October soil moisture.

In addition to the interannual variations in precipi-

tation and soil moisture associated with ENSO and IOD

FIG. 7. Anomalies of SSEA (a) precipitation (mm month21) and (b) lower-layer soil moisture over SSEA with the

associated ENSO–IOD categories indicated in color; all anomalies are for June–October over the period 1900–2006.

The black line in (b) represents the precipitation summed over the preceding 3 yr (mm month21).
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events, the historical record also shows prolonged periods

of anomalous dry or wet conditions (Fig. 8). Such mul-

tiyear periods, so-called intervals, are defined on the 5-yr

running mean of the time series. A dry or wet interval is

defined to occur when the 5-yr running mean exceeds a

cutoff value of 61 standard deviation. The starting point

of an interval was taken as the year when the 5-yr run-

ning mean crossed zero prior to the point of exceeding

the cutoff. The interval’s endpoint occurred when the

5-yr running mean fell consistently below or above the

cutoff. In addition to incorporating the extreme condi-

tions at the height of a dry or wet period, this definition

also includes the years leading into it. The lengths of in-

tervals can vary from 2–3 years to a decade or longer.

Over the past century, SSEA has experienced several

dry and wet intervals of differing duration and severity

(shaded regions in Fig. 8). The dry intervals seen in the

precipitation included the short, but severe, dry years

of 1913–14, the mid-1920s, the World War II drought

(1936–46), the late 1960s, and the present Big Dry (post-

1994; Fig. 8a). The dry periods were interspersed by pro-

longed stretches of above-average rainfall over SSEA:

1914–22, the 1950s, the mid-1970s, and 1985–92.

The dry and wet intervals in the soil moisture record

were defined as described for the precipitation and

similar dry/wet periods can be seen. Dry periods in the

soil moisture included the end of the Federation drought,

1912–14, the mid-1920s, the World War II drought, and

the Big Dry (Fig. 8b). Wet intervals based on soil mois-

ture occurred in the 1950s, early 1960s, 1970s, and the

mid-1980s to early 1990s. Some of the shorter and less

intense periods of enhanced or reduced precipitation are

not captured in the lower-layer soil moisture. However,

the severity of the Big Dry becomes apparent in the soil

moisture record, rivaling the soil moisture deficits sus-

tained during the World War II drought. Recent higher

air temperatures and the resultant increases in evapo-

ration are thought to contribute to the drought’s severity

(Nicholls 2004; Cai and Cowan 2008b).

It is of interest to contrast the relative influences of

ENSO and IOD for SSEA over interannual and decadal

time scales. For this, we used the years in the highest and

lowest deciles (i.e., 11 wettest and driest years in the

time series; Fig. 7) and the years defined as wet and dry

intervals (i.e., periods highlighted in Fig. 8). For each

set of years, the number of occurrences of the different

ENSO–IOD categories was determined. In Fig. 9, the

circles indicate the actual number of events in the given

ENSO–IOD category that are associated with the wet

and dry conditions defined on deciles and intervals, re-

spectively. To determine whether the event frequency is

unusual, for each category, a boot strapping technique

was used to generate an expected distribution based

on random events using all years. The box-and-whiskers

plots in Fig. 9 summarize these expected distributions

for each category. From the boot strapping method, each

actual event also has an error bar associated with it. If

the error bar of the actual event does not overlap with

the box or whiskers, then the number of events is sig-

nificantly different from a sample based on all years at

the 98% confidence level. This analysis was conducted

for the time series of precipitation and lower-layer soil

moisture.

To test the robustness of the results, the analyses were

also repeated for the shorter record post-1950 where

there is improved data quality (figures not shown). The

results are qualitatively similar; however, statistically ro-

bust results across all the different categories can only

be obtained when including the full record. We there-

fore restrict further discussion to the full data record,

under the assumption that the early record still provides

useful information.

For wet conditions based on SSEA precipitation dec-

iles, significant increases in negative combined events

are found (Fig. 9a). In the dry decile, El Niño years are

seen more often than normal. This agrees with previous

results (cf. Figs. 3 and 7; Ummenhofer et al. 2009a). For

the wet and dry conditions based on precipitation in-

tervals (Fig. 9b), the relative ENSO–IOD influences are

very different: wet intervals are characterized by a re-

duced frequency of pIOD and increases in the number

of nIOD events. The high number of nIOD events is

especially prominent, with 75% of all nIOD events

FIG. 8. Time series of 5-yr running means of SSEA (a) precipi-

tation (mm month21) and (b) lower-layer soil moisture anomalies

for June–October over the period 1900–2006. Years defined as

prolonged dry (wet) periods are shaded in light gray (dark gray).
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occurring during wet intervals. Wet intervals also show

marginally significant increases in El Niño years. Dry

intervals experience a reduced number of negative com-

bined and nIOD years, while significantly more pIOD

events are recorded. For the dry intervals, it is surprising

to see that El Niño years, which were present in sig-

nificantly enhanced numbers when considering the lower

decile, are no longer significantly different.

These results become even more apparent when

comparing the interannual and decadal ENSO–IOD

influences based on soil moisture. Anomalies in the

lower-layer soil moisture show lower-frequency vari-

ability compared to the higher-frequency anomalies in

precipitation. This is also reflected in the frequency of

ENSO and IOD events associated with anomalous lower-

layer soil moisture. During dry deciles of lower-layer soil

moisture, increased numbers of positive combined and

El Niño events are recorded (Fig. 9c). Based on the

analysis of intervals, lower-layer soil moisture wet and

dry conditions are associated with significantly modi-

fied numbers of IOD events, while ENSO events re-

main unchanged (Fig. 9d). Wet intervals show unusually

few pIOD events and a significantly enhanced number

of nIOD, with more than 85% of all nIODs occurring

during wet intervals. In dry intervals, an unusually high

number of pIOD events are recorded with in excess of

63% of all pIOD events occurring during these times.

The opposite is seen for the nIOD with not a single nIOD

event during any dry interval.

In summary, Fig. 9 suggests that ENSO seems to mod-

ify SSEA water availability on interannual time scales,

but less so on decadal scales. On decadal time scales, the

IOD’s influence is more robust, where the number of

both positive and negative IOD events is significantly

FIG. 9. Circles (with corresponding boot strapped error bars) indicate the actual number of events in the given ENSO–IOD category

that are associated with wet and dry conditions based on (a),(b) precipitation and (c),(d) lower-layer soil moisture over the SSEA for the

period 1900–2006. Dry and wet conditions are dependent on (left) upper and lower deciles and (right) intervals, respectively. To de-

termine whether the event frequency is unusual, for each category, a boot strapping technique is used to generate an expected distribution

based on random events using all years. The box-and-whiskers plot summarizes this expected distribution. If the error bar of the actual

event does not overlap with the box or whisker, then the number of events is significantly different from a sample based on all years at the

98% confidence level.
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changed from the expected distribution during both dry

and wet intervals (Figs. 9b and 9d). Power et al. (1999b)

also found decadal variability in the Indian Ocean to

be associated with significant variations in precipitation

across eastern Australia. The decadal component of In-

dian Ocean SST that they linked to eastern Australian

rainfall exhibited a strong signal south of 408S. This is,

however, well south of the typical IOD SST pattern.

Thus, Power et al.’s (1999b) mechanism for driving de-

cadal variability seems, at first glance, to be inconsistent

with the IOD as a dominant driver. To investigate this

further, we analyze the spatial patterns of key oceanic

and atmospheric variables for dry and wet conditions

in SSEA for both interannual and decadal time scales.

Composites of SSEA dry and wet conditions are pre-

sented in Figs. 10 and 11, based on deciles for precipi-

tation and for lower-layer soil moisture, respectively. As

described previously, the precipitation deciles are repre-

sentative of the interannual variability, while lower-layer

soil moisture focuses on low-frequency variability and a

decadal signal, acting as a natural low-pass filter on pre-

cipitation. During wet years based on SSEA precipitation

deciles, central tropical and subtropical Indian Ocean

SSTs are anomalously cool by in excess of 20.48C, while

the ocean to the north of Australia shows slightly above-

average temperatures (Fig. 10a). In contrast during dry

years, warm SST anomalies of more than 0.48C above

average are seen over the western and central tropical

and subtropical Indian Ocean, with a strong cooling of

the same magnitude observed to the north of Australia

around Indonesia (Fig. 10b). The central equatorial Pa-

cific is anomalously cool (warm) during wet (dry) SSEA

years, with SST anomalies of opposite sign in the sub-

tropical South Pacific. For the wet SSEA years, the SST

anomalies show features of both an nIOD in the Indian

Ocean and a La Niña in the Pacific. The opposite is true

for the dry years. The SSTs are thus broadly consistent

with the signature seen during negative and positive

FIG. 10. Composite of the anomalies in (a),(b) SST (8C), (c),(d) moisture flux (vertically integrated below 500 hPa;

in kg m21 s21), and (e),(f) precipitation (mm month21) during extreme (right) upper and (left) lower 10% of years as

determined by SSEA precipitation; all anomalies are for June–October over the period 1900–2006 (except moisture

flux, which covers only the period 1948–2006). The area enclosed by the dashed contours denotes anomalies that are

significant at the 90% confidence level as estimated by a two-tailed t test.
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combined events. This can be understood as the very

wettest and driest years largely occur during combined

ENSO and IOD events (Ummenhofer et al. 2009a).

During wet (dry) SSEA years, an enhanced (reduced)

meridional gradient in SST across the eastern Indian

Ocean is set up. This was shown to change the overlying

atmospheric thickness, leading to a thermal wind re-

sponse with an increase (decrease) in westerly onshore

flow onto the Australian continent during wet (dry) years

(Ummenhofer et al. 2008). This is manifest in an in-

creased moisture flux (integrated below 500 hPa) from

northwest Australia to the southeast during wet SSEA

years (Fig. 10c). For dry SSEA years, a reduction in

northwesterly moisture flux is seen, while a large west-

erly anomaly in moisture flux is observed over the

western Pacific warm pool region associated with the

anomalous Pacific SST pattern (Fig. 10d). Over the Pa-

cific, Risbey et al. (2009a) found that the SST anomalies

during negative (positive) combined events modulated

the atmospheric thickness, strengthening (weakening) the

jet stream and leading to enhanced (weakened) cutoff low

pressure systems over eastern Australia. The precipita-

tion pattern across Australia is characterized by anoma-

lously wet and dry conditions across large parts of the

continent (Figs. 10e and 10f), consistent with the re-

spective circulation anomalies. Years based on SSEA

precipitation deciles thus seem to show features spa-

tially coherent across large parts of Australia.

These patterns are quite different for composites

based on SSEA lower-layer soil moisture. During high-

moisture conditions, the magnitude of the SST anoma-

lies over the Pacific Ocean and the spatial extent of

significant anomalies are noticeably reduced (Fig. 11a).

In contrast, the Indian Ocean shows large areas of sig-

nificant SST anomalies: cool anomalies in the central

subtropical region, and warm anomalies in the south-

western Indian Ocean and to the north of Australia. This

SST pattern with its ‘‘tripolar’’ structure is reminiscent

FIG. 11. Composite of the anomalies in (a),(b) SST (8C), (c),(d) moisture flux (vertically integrated below 500 hPa;

in kg m21 s21), and (e),(f) precipitation (mm month21) during extreme (right) upper and (left) lower 10% of years as

determined by SSEA lower-layer soil moisture; all anomalies are for June–October over the period 1900–2006

(except for moisture flux, which covers only the period 1948–2006). The area enclosed by the dashed contours de-

notes anomalies that are significant at the 90% confidence level as estimated by a two-tailed t test.
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of a dominant mode of Indian Ocean variability (Santoso

2005; D. Dommenget 2009, personal communication),

with certain features of this discussed previously for

observations (e.g., Nicholls 1989; Streten 1983; England

et al. 2006) and for climate model simulations (e.g.,

Frederiksen and Balgovind 1994; Ummenhofer et al. 2008).

During dry conditions based on soil moisture, anomalous

warm (cool) conditions over the western (eastern) Indian

Ocean are observed, while the central equatorial Pacific

also records above-average temperatures (Fig. 11b).

The moisture flux anomalies associated with wet (dry)

SSEA soil moisture conditions show enhanced (reduced)

westerly moisture advection onto Australia (Figs. 11c

and 11d). However, the spatial extent of significant

anomalies is limited, most likely due to the short data

record available for NNR. The region of significant pre-

cipitation anomalies is much more closely confined: dur-

ing wet soil moisture conditions, above-average rainfall in

excess of 15 mm month21 is recorded for SEA south of

308S and east of 1308E (i.e., including SSEA), parts of

Western Australia, and Tasmania (Fig. 11e). The situa-

tion is reversed during dry SSEA soil moisture condi-

tions, but the anomalies extend farther north to include

much of the MDB region (Fig. 11f).

To summarize Figs. 10 and 11, interannual variability

in SSEA is influenced by both Pacific and Indian Ocean

conditions associated with ENSO and the IOD, respec-

tively. Induced by SST anomalies during combined pos-

itive (negative) events in the Indo-Pacific region, changes

in the atmospheric circulation result in extreme dry (wet)

conditions over SSEA and more broadly over large parts

of Australia. In contrast, decadal variability over SSEA

seems to be linked more robustly to the Indian Ocean.

The decadal Indian Ocean pattern contains a combined

signal of tropical and subtropical variability, reminiscent

of a dominant mode of Indian Ocean variability. Decadal

variations (Ashok et al. 2004; Tozuka et al. 2007) and

long-term trends (Abram et al. 2008; Ihara et al. 2008; Cai

et al. 2009) in Indian Ocean surface properties are there-

fore likely to play a significant role in modulating Aus-

tralian precipitation on these time scales. Over Australia,

the decadal signal in precipitation is confined more locally

to the SSEA region (Figs. 11e and 11f) than the inter-

annual signal (Figs. 10e and 10f). However, for both time

scales an asymmetry is apparent between dry and wet

conditions, with dry responses extending farther north

into the MDB. This will be discussed further in the next

section.

6. Murray–Darling Basin

Given the large difference in the dominant drivers of

water availability between interannual and decadal time

scales for SSEA, it is of interest to understand whether

our results are particular to this region or common for

other areas as well. We therefore repeat key analyses for

the MDB region, which has also recently sustained con-

siderable decreases in precipitation (Murphy and Timbal

2008, and references therein).

For the MDB region (see Fig. 1a), interannual varia-

tions in precipitation and soil moisture are also intri-

cately linked to Indo-Pacific variability associated with

ENSO and the IOD (Risbey et al. 2009b). The June–

October anomalies in MDB precipitation and lower-

layer soil moisture are given in Fig. 12, together with the

ENSO–IOD classification. Extreme dry years in the MDB

are associated with El Niño (2 times), pIOD (4 times),

and positive combined (2 times) events, while extreme

wet conditions occurred during La Niña (4 times) and

negative combined (3 times) events (Fig. 12a). Upper-

layer soil moisture anomalies are very similar to the ones

defined for precipitation (figure not shown). However,

La Niña events become much more dominant, with more

than 60% of wet years coinciding with a La Niña. For

La Niña years, Risbey et al. (2009a) described an en-

hanced meridional thickness gradient across eastern

Australia, leading to a strengthening of the jet stream.

FIG. 12. Anomalies of MDB (a) precipitation (mm month21)

and (b) lower-layer soil moisture over MDB with the associated

ENSO–IOD categories indicated in color; all anomalies are for

June–October over the period 1900–2006.
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This is favorable for cutoff low pressure system devel-

opment and increased rainfall over the MDB region.

As seen for SSEA, the lower-layer soil moisture in

the MDB emphasizes low-frequency variations in water

availability (Fig. 12b). Compared to the high-frequency

interannual variability seen in precipitation and upper-

layer soil moisture, there are much-lower-frequency

changes in the lower soil moisture. Prolonged periods

of wet conditions were seen from the mid-1970s to 2000,

while sustained deficits in soil moisture dominated from

the mid-1920s to the mid-1940s, including the severe

World War II drought and during the recent Big Dry.

These prolonged periods of dry and wet conditions

appear in the time series of 5-yr running means for pre-

cipitation and lower-layer soil moisture (Fig. 13). The

MDB intervals were defined in the same way as described

for the SSEA. Based on precipitation deficits, droughts

in the MDB occurred during 1911–13, the mid-1920s,

1936–46, the late 1960s, and post-2000 (Fig. 13a). The

severity and duration of the iconic World War II drought

is particularly apparent. The dry conditions were inter-

spersed with periods of above-average precipitation,

including 1914–22, 1948–56, the early 1970s, the mid-

1980s, and the late 1990s.

Based on lower-layer soil moisture, prolonged dry

conditions dominated during the Federation drought

at the turn of the last century, in the mid-1920s, during

the World War II drought (1933–46), in the 1960s, and

post-2001 (Fig. 13b). Extended wet intervals occurred

throughout the 1950s and, except for a few individual

years, almost continuously from 1972 to 1997. In the

lower-layer soil moisture record, the World War II

drought, following shortly after the dry conditions of the

mid-1920s, seems exceptional in its severity and espe-

cially in its duration. The prolonged above-average soil

moisture content sustained throughout the late 1980s

and early 1990s is also unusual in the MDB record.

We contrast the relative influences of ENSO and IOD

for interannual and lower-frequency time scales, fol-

lowing the same methodology outlined for SSEA. For

wet conditions, based on MDB precipitation deciles, sig-

nificant increases in La Niña and negative combined

events are recorded (Fig. 14a). In the dry decile, positive

combined and pIOD years are seen more often than

expected, while the number of La Niña events is sig-

nificantly reduced. For wet intervals, increased numbers

of La Niña events are seen, while pIOD events occur less

frequently (Fig. 14b). During dry intervals, the number

of positive combined events is significantly reduced, while

unusually high numbers of pIOD events occur. Based on

lower-layer soil moisture deciles, only La Niña events

appear in unusually low (high) numbers for extreme dry

(wet) years (Fig. 14c). In contrast for the intervals, the

frequency of both positive and negative IOD events is

significantly changed (Fig. 14d). The latter highlights the

importance of the IOD at decadal time scales for pro-

longed soil drought conditions for the MDB region.

In summary, the MDB region is significantly influenced

by both La Niña and IOD events. In particular, La Niña

plays a much more prominent role than for SSEA, es-

pecially on interannual time scales and for prolonged

wet periods. For longer-term variability associated with

prolonged dry and wet periods, the number of pIOD

events is significantly changed from the expected distri-

bution. This is consistent with previous results (cf. Fig. 3).

7. Summary and conclusions

We have investigated the relative influences of ENSO

and IOD for Australian hydrology on seasonal to

interannual and decadal time scales using observations,

reanalysis data, and hindcasts of soil moisture. Emphasis

was placed on two regions in southeastern Australia,

namely, SSEA and the MDB region, both of which have

recently suffered prolonged drought conditions. A pri-

mary aim of the study was to determine whether the

drivers of interannual variability are the same as the

drivers of longer-term, decadal variability, with a focus

on the predominant rainfall period during the cool sea-

son (June–October).

The results highlight the importance of examining

both Indian and Pacific Ocean variability patterns in

FIG. 13. Time series of 5-yr running means of MDB (a) precipi-

tation (mm month21) and (b) lower-layer soil moisture anomalies

for June–October over the period 1900–2006. Years defined as

prolonged dry (wet) periods are shaded in light gray (dark gray).
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assessing their impacts on Australian hydrology. In other

words, we treat the full tropical Indo-Pacific region with

two distinct modes of variability that interact on differ-

ent time scales. For example, the impacts of a La Niña

event will be very different when one co-occurs with an

nIOD, while the other does not. The same is true for

other combinations of drivers. Care must also be taken

in assessing opposite phases of ENSO and IOD. For

example, the impacts of El Niño are not a mirror image

of those seen during a La Niña (Power et al. 2006). This

is even more apparent in the case of positive and nega-

tive phases of the IOD. Linear analyses (e.g., correlation

analyses) will alias such nonlinearities and potentially

hide important and highly distinct features exhibited

by opposite phases (Risbey et al. 2009b). Furthermore,

the impacts associated with combined ENSO and IOD

events are not simply a linear combination of the im-

pacts associated with pure events. For example, the sum

of the rainfall anomalies seen during an nIOD event and

a La Niña is quite different from that observed during a

combined negative event (figure not shown). This is true,

albeit to a lesser degree, for positive combined events.

As pointed out by Meyers et al. (2007), Australian rainfall

is very sensitive to small changes in the SST patterns

across the Indo-Pacific region.

For both SSEA and the MDB, distinct differences are

seen in the relative influences of ENSO and IOD on

interannual and lower-frequency time scales. For SSEA,

El Niño modulates water availability on interannual

time scales, but not on a decadal scale. On decadal time

scales, Indian Ocean variability provides a more robust

explanation for prolonged dry and wet periods than do

Pacific conditions. For the MDB region on interannual

time scales, the influence of La Niña events is more

significant than for SSEA. On decadal time scales the

situation becomes less clear: pIOD events occur in

FIG. 14. Circles (with corresponding boot strapped error bars) indicate the actual number of events in the given ENSO–IOD category

that are associated with wet and dry conditions based on (a),(b) precipitation and (c),(d) lower-layer soil moisture over the MDB for the

period 1900–2006. Dry and wet conditions are dependent on upper and lower (left) deciles and (right) intervals, respectively. To de-

termine whether the event frequency is unusual, for each category, a boot strapping technique is used to generate an expected distribution

based on random events using all years. The box-and-whiskers plot summarizes this expected distribution. If the error bar of the actual

event does not overlap with the box or whisker, then the number of event is significantly different from a sample based on all years at the

98% confidence level.
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unusual numbers for prolonged dry and wet periods, for

both the precipitation- and soil-moisture-based ana-

lyses. In contrast, the frequency of nIOD events is only

unusual for soil moisture. Based on both precipitation

and soil moisture, La Niña events are unusually frequent

during prolonged wet periods, but La Niña frequency is

not unusual for dry periods. Thus, for the MDB region,

as for SSEA, distinct differences are seen in what drives

an individual dry or wet year compared to a prolonged

period with dry or wet conditions.

These results have important implications for choos-

ing the appropriate technique/methodology to analyze

decadal to longer-term variations. It raises interesting

questions on how to investigate, for example, multiyear

droughts and cautions against the use of statistical tech-

niques that assume a linear response. Previous work

voiced concerns in regard to low-frequency variations in

ENSO characteristics, in the relationships between SST

and regional rainfall, and in particular the implications

for the statistical analysis techniques employed (e.g.,

Gershunov et al. 2001; Wittenberg 2009). Given the large

degree of noise in the climate system, the limited avail-

ability of high-quality multidecadal observational re-

cords, in particular in the Southern Hemisphere, poses

serious challenges for climate impact research at decadal

time scales and beyond. A concerted effort, based on a

combination of observations, reanalyses/hindcasts, and

climate model simulations, is required to develop an im-

proved understanding of nonlinear interactions of modes

of variability and their impacts on the hydrological cycle

on decadal and longer time scales.

As pointed out by LeBlanc et al. (2009), the hydro-

logical drought across SEA continued despite the re-

turn to average rainfall conditions in 2007. Here, we have

shown that it is a lack of extreme wet conditions asso-

ciated with nIOD events and a higher proportion of

pIOD events that characterizes multiyear droughts over

SSEA. So, the return to average rainfall has not been

sufficient to break the current drought. After a return to

average rainfall, there is a delay in the response of runoff

and streamflow because increased precipitation first has

to replenish the depleted soil moisture store. This is evi-

dent in runoff and discharge rates remaining at very low

levels despite average rainfall in 2007.

The Indo-Pacific climate system has sustained con-

siderable trends over recent decades. Observed changes

have been associated with the dominant climate modes

in the two ocean basins, namely, ENSO (Power and Smith

2007) and the IOD (Abram et al. 2008; Ihara et al. 2008;

Cai et al. 2009). With these two climate modes intri-

cately linked to regional circulation across different time

scales, changes in the characteristics of both ENSO and

IOD have the potential to significantly affect the climate

over the surrounding landmasses. For example, trends in

IOD frequency have been related to a changed East

Asian monsoon (Abram et al. 2008) and southern Aus-

tralian rainfall declines (Cai et al. 2009). Given the ob-

served and projected changes in dominant drivers of

SEA climate, the present work highlights how the dom-

inant influences of the Indian and Pacific Ocean differ

between interannual and multiyear time scales for water-

stressed regions in Australia’s southeast.
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