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Abstract Drought indices (DIs) that quantify drought events
by their onset, termination, and subsequent properties such as
the severity, duration, and peak intensity are practical strata-
gems for monitoring and evaluating the impacts of drought. In
this study, the effective drought index (EDI) calculated over
daily timescales was utilized to quantify short-term (dry
spells) and ongoing drought events using drought monitoring
data in Australia. EDI was an intensive DI that considered
daily water accumulation with a weighting function applied
to daily rainfall data with the passage of time. A statistical
analysis of the distribution of water deficit period relative to
the base period was performed where a run-sum method was
adopted to identify drought onset for any day (i) with EDI; <0
(rainfall below normal). Drought properties were enumerated
in terms of (1) severity (AEDI=accumulated sum of
EDI;<0), (2) duration (DS = cumulative number of days with
EDI;<0), (3) peak intensity (EDI,,;, =minimum EDI of a
drought event), (4) annual drought severity (YAEDI=yearly
accumulated negative EDI), and (5) accumulated severity of
ongoing drought using event-accumulated EDI (EAEDI). The
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analysis of EDI signal enabled the detection and quantification
of a number of drought events in Australia: Federation
Drought (1897-1903), 1911-1916 Drought, 1925-1929
Drought, World War II Drought (1937-1945), and Millenni-
um Drought (2002-2010). In comparison with the other
droughts, Millennium Drought was exemplified as an unprec-
edented dry period especially in Victoria (EAEDI~—-4243,
DS=1946 days, EDI,;,=—4.05, and YAEDI=-4903). For
the weather station tested in Northern Territory, the worst
drought was recorded during 1925-1929 period. The results
justified the suitability of effective drought index as a useful
scientific tool for monitoring of drought progression, onset
and termination, and ranking of drought based on severity,
duration, and peak intensity, which allows an assessment of
accumulated stress caused by short- and long-term
(protracted) dry events.

Nomenclature
AEDI Accumulated deficit of EDI

AWRI Available water resources index

AWRI,;, Minimum value of AWRI

BMDI Bhalme and Mooley drought index

D Duration of summation

DEP Deviation of EP from climatology

DI Drought indices

DS Drought duration

DS; Total dry duration (DS;)

EAEDI Event-accumulated value of effective drought
index

EDLy min  Yearly minimum effective drought index

EDI Effective drought index

EDIin Peak intensity of drought (minimum EDI)

EDL .., Yearly averaged effective drought index

EEDIL,;, Event-averaged intensity

EP Effective precipitation
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MEP Mean EP based on climatology
P Precipitation

P, Yearly precipitation

PDSI Palmer drought severity index
PRN Precipitation return to normal

RAI Rainfall anomaly index

RDDI Rainfall-decile drought index

SMDDI  Soil moisture-based deciles drought index

SPEI Standardized precipitation and evapotranspiration
index

SPI Standardized precipitation index

ST(DEP) Standard deviation of DEP

YAEDI Yearly accumulated deficit of EDI

Acronyms used for drought periods

1914-15D 19141915 drought

1925-29D  1925-29 drought

1967D Drought of the year 1967

1972D Drought of the year 1972
1982-83D  Drought during 1982/1983 period
FD Federation Drought (1897-1903)
WWIID World War II Drought (1937-1945)
MD Millennium Drought (2002-2010)

1 Background

A drought is a sustained period of significant hydrometeorolog-
ical imbalance caused by a cumulative occurrence of dry spells
with little or no measurable rainfall. Generally, drought is clas-
sified according to the meteorological, hydrological, agricultur-
al, and socioeconomic perspectives (Botterill and Wilhite
2006). Meteorological droughts, which occur due to a serious
deficit in rainfall, are perhaps the leading cause of other cate-
gories of events, while hydrological drought stems from mete-
orological effects on the environmental flows (e.g., stream or
river flow) (Hayes et al. 2011). The persistence of meteorolog-
ical drought for a prolonged period leads to agricultural and
socioeconomic consequences; thus, the longer and the more
spatially extensive a meteorological drought is, the more likely
is the occurrence of the other types of events (Mpelasoka et al.
2008). As drought evolves from meteorological to hydrological
to agricultural, the impacts can vary by region and season, as
does the need to monitor different hydrologic cycles with a
variety of drought indicators that best align with the depiction
of impacts. As drought is complex and insidious with a slow
progressive phase, it produces detrimental impacts globally in
excess of $US6-8 billion per year (Botterill and Wilhite 2006;
Pandey et al. 2008a, b; Wilhite 2000). The ability to closely
monitor the initiation, termination, frequency, and accumulated
stress of drought is very important from practical perspective.
An obstacle in drought monitoring, however, is the lack of a
universal definition and the level of detail provided by drought
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monitoring tools that may be insufficient for early warning
systems (Mishra and Singh 2010, 2011).

Australia is a dry continent with fragile, harsh, and extreme
conditions (Deo and Sahin 2015a, b; Deo et al. 2009; Dijk et
al. 2013; Timbal and Fawcett 2013; Ummenhofer et al. 2009).
It is known to experience moderate to severe multi-year and
multi-decadal droughts (Franks and Kuczera 2002; Kiem and
Franks 2004; Kiem et al. 2003; Verdon-Kidd and Kiem 2009,
2010). In eastern Australia, drought is linked to El Nifio events
causing a shift of rain-bearing systems offshore into the trop-
ical Pacific Ocean (Murphy and Timbal 2008; Trenberth et al.
2014) while in the southwest, the cool phase of the Indian
Ocean Dipole moment favors the persistence of dry conditions
(Ashok et al. 2003). An inventory of drought events in Aus-
tralia showed its detrimental impacts on country’s economy
(Adams et al. 2002) (Appendix Table 7). Therefore, many
studies used analytical and modelling tools to analyze the
complex nature of drought (Dijk et al. 2013; Timbal and
Fawcett 2013). In order to closely monitor a drought and to
quantify its properties, scientific measures in terms of stan-
dardized metrics of rainfall deficiency are required (Mishra
and Singh 2010, 2011).

A large body of literature shows that the monitoring of
drought is performed by drought indices (DI) that are normal-
ized statistical metrics deduced in rainfall deficit periods
(Mishra and Singh (2010, 2011) and references therein). Pop-
ular rainfall-based DIs are Bhalme and Mooley drought index
(BMDI) (Bhalme and Mooley 1980), rainfall decile drought
index (RDDI) (Gibbs and Maher 1967), rainfall anomaly in-
dex (RAI) (Timbal and Fawcett 2013; Van Rooy 1965), and
the standardized precipitation index (SPI) (Deo 2011; McKee
et al. 1993), while DIs based on temperature, evapotranspira-
tion, and soil moisture are soil moisture-based deciles drought
index (SMDDI) (Mpelasoka et al. 2008), Palmer drought se-
verity index (PDSI) (Palmer 1965), and standardized precipi-
tation and evapotranspiration index (SPEI) (Deo and Sahin
2015a, b; Vicente-Serrano et al. 2010). DIs are able to provide
multi-scale characterization of drought ranging from the
smallest timescale (month) to annual, decadal, or multi-
decadal scales. New evolving research has led to several
DIs, including the multivariate composite drought index
(CDI) which considers variables related to individual types
of drought (Waseem et al. 2015), the PDSI with a coupling
variable infiltration capacity (VIC) model and self-calibrating
PDSI (Liu et al. 2015), the Global Precipitation Climatology
Centre Drought Index (GPCC-DI) that provides estimation of
water supply anomalies with respect to long-term statistics as
a combination of SPI and SPEI (Ziese et al. 2014), the mod-
ified SPI for arid locations in Europe or the WMO RA VI
Region (Pietzsch and Bissolli 2011), and the real-time drought
index (RDI) that evaluates drought impacts on a daily basis in
real-time using the concept of water shortage according to
residential, agricultural, and industrial water (Oh et al. 2015).
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In Australia, the SPT and RDDI are the two most popular DIs
used due to their simplicity, interpretability, and applicability
(Deo et al. 2009; Mpelasoka et al. 2008). The SPI provides
drought information based on statistical distribution of rainfall
for an aggregation length starting from 1 to 48 months (McKee
et al. 1993) while RDDI compares rainfall accumulation with a
climatological period of three monthly periods (Deo et al. 2009;
Mpelasoka et al. 2008). However, both have limitations for con-
tinuous monitoring of drought status. They are calculated
monthly so even if a drought had occurred, an index value is
not available until the last day of the month. A few previous
studies (Byun and Wilhite 1999; Kim et al. 2009) reported that
a meteorological drought can be terminated by a single day’s
heavy downpour. Therefore, an objective method where rainfall
is analyzed on a daily basis with larger weights assigned to
recent rainfall versus, and smaller weights assigned to antecedent
rainfall is particularly appealing for assessment of water re-
sources in relation to drought. These DIs also have complica-
tions in objectively setting the base period (Byun and Wilhite
1999). Kim et al. (2009) showed the disadvantages of sliding
time scales for drought classification with simple sums of rainfall
used without weighted consideration of antecedent rainfall for
detection of dry periods. Except for the SPEI which has evapo-
transpiration in its formulation, none of the other meteorological
DIs consider the loss of water resources over the passage of time
and can therefore undermine drought-related stress. SPI operates
on probabilistic scales where its relationship with frequency de-
pends on the time period; therefore, different time aggregations
are not suitable for ranking drought (Gonzalez and Valdés 2000).
Also, the drought quantification over a fixed period (e.g., 1, 3, or
6 months) prevents the detection of start dates and assessment of
short or ongoing events if a drought has its onset in the middle of
a month and withdrawal prior to the end of the monthly period,
although the impacts in that monthly period may have been
severe (Morid et al. 2006; Pandey et al. 2008a, b).

In light of the necessary considerations for drought moni-
toring, it is argued that a versatile drought monitoring index
should emphatically identify onset and termination of drought
and characterize its duration (length of water deficit), severity
(accumulated volume of water deficit), and peak intensity
(worst water deficit situation in a given period) (Mishra and
Singh 2010, 2011; Pandey et al. 2008a, b). Also, a daily index
is more functional for continuous monitoring of drought or
even flood (Deo et al. 2015; Lu 2009, 2012; Lu et al. 2013),
although it should be interpreted with caution since impacts
are normally felt after continued persistence of water deficit.
Oh et al. (2015) showed that a real-time index evaluating
drought on a daily basis is beneficial for calculating water
shortage for short-term needs (e.g., residential, agricultural,
or industrial). From this viewpoint, a quantitative definition
based on statistical runs theory is appropriate to help analyze a
sequential time series that defines a drought episode by a
threshold value below which water deficit is sufficient to

identify the event. Originally proposed by Rice (1945), the
work of Yevjevich et al. (1967a, b; Yevjevich (1991) success-
fully applied runs theory to quantify drought severity, dura-
tion, and peak intensity based on drought monitoring data
series.

In this study, we applied the effective drought index (Byun
and Wilhite 1999) as an objective measure of daily water
accumulation based on weighted current and antecedent rain-
fall. The concept of effective drought index (EDI) follows
recent research for quantifying floods and drought (Deo et
al. 2015; Lu 2009, 2012; Lu et al. 2013; Oh et al. 2013,
2015). Before defining the drought severity, EDI defines the
drought onset date for any ith days with EDI; <0. Consequent-
ly, the EDI has advantages over month-based DIs: (1) provi-
sion for daily severity of drought and measurement of short-
and long-term events, (2) placing more weight on recent rain-
fall versus less on past rainfall to consider the surplus or deficit
of water resources for drought assessments, (3) monitoring the
continued progression of drought on a daily basis, (4) enumer-
ating a measure for precipitation that is needed for return to
normal conditions (PRN) and the available water resources
index (AWRI) as supplementary parameters for assessing wa-
ter scarcity, (5) allowing a methodology for drought charac-
terization using the runs theory where accumulated stress from
ongoing (continuing) drought is accounted for by cumulative
deficits, duration of deficit, and peak intensity of water deficit
(Cancelliere and Salas 2004; Dracup et al. 1980; Sen 1980),
and (6) detection of accumulated stress due to intense (short-
term) dry spells or protracted (continuing) drought events
within a unified time series of the index (Kim et al. 2009;
Lee et al. 2012).

The novelty of our paper is that it explores, for the first
time, the suitability of EDI for drought monitoring in Australia
following many investigations of EDI approach around the
world (Byun et al. 2008; Byun and Wilhite 1999; Dogan et
al. 2012; Kalamaras et al. 2010; Kim and Byun 2009; Kim et
al. 2009; Kim et al. 2011; Lee et al. 2012; Masinde 2013;
Morid et al. 2006; Oh et al. 2013; Pandey et al. 2008a, b;
Smakhtin and Hughes 2004; Yamaguchi and Shinoda 2002).
Merits of the EDI were outlined by Pandey et al. (2008a,
2008b) where its capability for quantifying daily water re-
sources in a drought period was demonstrated. Morid et al.
(2006) demonstrated the advantage of EDI for detecting the
start and end of drought compared to the percent of normal,
SPI, China Z index, and the Z score. Dogan et al. (2012) noted
that the EDI was sensitive to subtle changes in rainfall, and
Kim et al. (2009) used the EDI concept to develop the AWRI,
a parameter for estimating the water resources in drought sit-
uations, in addition to demonstrating its superiority for con-
tinuous monitoring of short and long-term drought. Byun et al.
(2008) showed the ability of EDI for drought prediction, Kim
etal. (2011) developed a spatio-temporal drought map, Lee et
al. (2012) performed similar work, Park et al. (2015a, b)
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utilized EDI for projection of future drought using RCP 8.5
warming scenarios, and Park et al. (2015a, 2015b) developed
a method for water-abundant seasons using AWRI. Recently,
Jain et al. (2015) compared EDI with SPI, RDDI, Z score,
China Z score, and rainfall departure in Ken River Basin (In-
dia). In this work, the EDI, which has a self-defined timescale
and is free from the time-step problem faced by other indices
(e.g., SPI or RDDI), was found to be highly correlated with
other indices, but more importantly, it was able to better iden-
tify drought conditions than the other DIs. However, no pre-
vious work has applied the effective drought index for drought
monitoring in Australia, although our recent study has devel-
oped an EDI-based predictive drought model for eastern Aus-
tralia (Deo and Sahin 2015a, b).

In this paper, we performed drought analysis using daily
EDI over the period 1890-2010. A run-sum approach for
quantifying the drought severity was adopted, consistent with
previous viewpoints on monitoring of continuing drought
(Kim et al. 2009). Therefore, the accumulated water-related
stress due to ongoing drought was assessed using the cumu-
lative sum of the drought indicators (Yevjevich et al. 1967a,
b). Subsequently, the drought indicator (EDI;<0) was used to
analyze the progression of an identified drought event based
on negative EDI over sustained dry period (hence, the extent
of a drought was assessed by accumulation of consecutively
negative EDI). The aim of this research was threefold: (1) to
demonstrate the applicability of the EDI for daily monitoring
and quantifying short-term drought (dry spells) and ongoing
drought and its comparison with SPI, RDDI, and RAI, (2) to
test the potential of EDI for quantifying severity, duration, and
peak intensity of long-term (continuing) drought in the con-
text of accumulated stress caused by successively below mean
rainfall (EDI<0), and (3) to illustrate the efficacy of the EDI
for seasonal characterization of drought events.

2 Materials and methods
2.1 Climate data and the study area

The pre-processed daily rainfall data were acquired from the
Australian Bureau of Meteorology (BOM) (http://www.bom.
gov.au/climate/data-services/) (Haylock and Nicholls 2000).
The data were initially collated from 24-h observations
(Jones et al. 2009; Lavery et al. 1992, 1997; Suppiah and
Hennessy 1998). Quality tests conducted by Torok and
Nicholls (1996) made adjustments to the raw data and
corrected inhomogeneities caused by station relocations and
adverse exposures to the measurement sites using various
forms of objective statistical methods. As stated in Lavery et
al. (1992), rainfall records were not adjusted for discontinu-
ities but were rejected if suspected of inhomogeneity or data
quality issues. Standard reliability tests were performed where
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the number of missing observations was determined and fre-
quency histograms of daily rainfall were examined for evi-
dence of rounding errors or ignorance of small rainfall
amounts. The exposure and site locations were examined with
available station histories. Stations with any changes that
might have had an impact on the record were rejected. Rainfall
records that passed these quality checks were then tested for
homogeneity using a cumulative deviation statistic for each
annual rainfall series to identify years with excessive drift
from the expected climate. Metadata was then examined to
determine whether the change was likely to be artificial or
not (BOM 2008; Haylock and Nicholls 2000; Hennessy et
al. 1999; Suppiah and Hennessy 1998). The data used in this
study have also been used in other climate change studies
(Alexander et al. 2006; Nicholls et al. 1996; Smith 2004;
Timbal and Fawcett 2013).

Following the criteria for candidate stations, (1) reasonably
lengthy coverage (more than 100 years), (2) distinct climatic
characteristics including drought-prone sites, and (3) the least
amount of missing data, the daily rainfall data for seven mete-
orological stations were extracted. Table 1 shows the station,
years of available data, mean annual rainfall, and drought pe-
riods for which data were missing. As the EDI was primarily
calculated on a daily basis, missing data in drought-rich periods
can be a matter of concern (e.g., Trenberth et al. 2014). Despite
the quality checks performed in the original data portal, our
preliminary inspection showed that ~10-14 % of data for
Portarlington and Wallaroo for 1982—83D and =~5-19 % of data
for Portarlington, Wallaroo, Cranbrook, and Katherine for
1991-95D were missing. For the Federation Drought, no data
were available for Cranbrook and Fairy Mead, and only 38 %
were available for Cape Grim. The discontinuities were recov-
ered by calendar mean precipitation following the approach of
Kim et al. (2011). However, due to possible erroneous effects
induced in drought quantification, the drought events in periods
of missing data were not measured in this study.

Figure 1 plots the study region with the candidate stations
considered for drought analysis in Australia. Note that in this
paper, only a sample of stations was chosen as a pilot study but
a follow-up study could consider a larger set of stations depend-
ing on the availability of daily rainfall data. The five stations
(Cranbrook, Portarlington, Deniliquin, Fairy Mead, and Walla-
roo) are in drought-prone regions of eastern and southwestern
Western Australia (Li et al. 2005; Timbal and Fawcett 2013),
and the station Katherine (Northern Territory) is located in a
region that has experienced an overall reduction in drought
incidences due to increased rainfall amounts after the 1950s
(Hennessy et al. 2004). The precipitation patterns for Katherine
and Fairy Mead are opposite in trend to the other stations
(Fig. 1b); therefore, a comparison of drought for these stations
is interesting. It is also acknowledged that since most stations
are in the coastal region, there is a lack of stations in the central
regions (120-130° E, 10-30° S) (Haylock and Nicholls 2000).
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Table 1

The station characteristics for the high quality rainfall data acquired from the Australian Bureau of Meteorology (BOM)

BOM station ID  Station name/state Location Elevation (m)  Data start date Period of missing days ~ Annual rainfall
P (mm)
087053 Portarlington (Victoria) 144.64°E 77 1 June 1884 1982-83D (14.8 %) 640.7
38.12°S 1991-95D (19.2 %)
074128 Deniliquin (New South Wales) 14495°E 93 1 February 1858  MD (0.19 %) 397.7
35.55°8S
022020 Wallaroo (South Australia) 137.63°E 10 1 January 1884 1982-83D (10.8 %) 383.6
33.93°S 1991-95D (10.3 %)
010537 Cranbrook 117.57°E 255 1 January 1908 FD (100 %) 528.7
(Southwest Western Australia)  34.30° S 1991-95D (5.9 %)
091011 Cape Grim (Tasmania) 40.69° S 17 1 January 1893 FD (38.6 %) 949.8
144.72° E
039037 Fairy Mead Sugar Mill 15236°E 3 1 January 1910 FD (100 %) 1077.2
(Queensland) 24.79° S WWIID (17.2 %)
014902 Katherine Council 13226°E 103 1 January 1888 1991-95D (11.0 %) 1019.5
(Northern Territory) 14.46° S MD (18.0 %)

The percentage of missing daily data that was coincident with major drought periods has been shown

2.2 Theory of the effective drought index

A Fortran code available at http://atmos.pknu.ac.kr/~intra3/
(Byun and Wilhite 1999) was used for calculating the effective
drought index for the seven pilot stations in Australia (Fig.
1a). Basically, the EDI procedure utilized the concept of daily
effective precipitation (EP), which is the summed precipita-
tion, P, with a time-dependent reduction function applied to

EP :i_:l ((i P,,,)/N)

(P14 P2)  (P1+ P2+ P3)

the current and antecedent rainfall over the passage of time
(Eq. 1). The daily EP, which can also be used for flood risk
studies (Deo et al. 2015), was compared with the climatolog-
ical mean EP (MEP) (Eq. 2) and then normalized by the stan-
dard deviation (Eq. 3). According to the original work of Byun
and Wilhite (1999), if P,,, was the daily rainfall and N was the
duration of the preceding period, then the EP for current day
can be given as:

(Py + P2+ ... + Pies) (1)

=P+ +

1

3

.t
1 1 1

2 3 365 2 3

1
—P1<1+—+—+...+—) +P2(_+_+.”+E

365

S I
cen 365 365

DEP = EP-MEP (2)
DEP
EDI = —— 3
ST(DEP) 3)

Byun and Jung (1998) found that rainfall-runoff models
show a similar effect to Eq. 1. Moreover, Deo et al. (2015)
utilized the same concept related to water resources, except for
flood possibility studies in Brisbane and Lockyer Valley re-
gion in Australia. In Eq. 1, the D is the duration of summation
(=365), which is the most common precipitation cycle. MEP
and ST(DEP) represent the climatological mean and standard
deviations. The base period for calculating MEP and ST(DEP)
needs to be longer than 30 years (e.g., Kim et al. 2011), so we
used 1971-2000, a normal period used for analysis of the
Australian climate (Deo et al. 2009; Jones et al. 2009;

Mpelasoka et al. 2008; Smith et al. 2008). Normally, the
drought range is considered extreme (EDI<-2.0), severe
(-2.0<EDI<-1.5), and moderate (—1.5<ED<-1.0). How-
ever, in our study, we have identified a given day (i) as a dry
day when the index was in its negative phase (i.e., EDI;<0) to
identify all days of below normal rainfall. For in-depth meth-
odological description of effective drought index, readers are
referred to the original work of Byun and Wilhite (1999).

It is noteworthy that the concept of daily EDI was fun-
damentally disparate from the other DIs where no transfor-
mation or ranking of rainfall was necessary. Instead of
transformation to normal distributions (e.g., SPI) or ranked
rainfall (e.g., RDDI), the drought index was computed from
the weighted precipitation data (Eq. 1). Subsequently, the
deviations of weighted precipitation were normalized by
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Fig. 1 a The study sites with candidate stations considered for drought
analysis. b The mean monthly rainfall (P) climatology over the period
1910-2010. NT Northern Territory, VIC Victoria, QLD Queensland, WA
Western Australia, SA South Australia, 74S Tasmania, NSW New South
Wales

climatological means and standard deviations (Egs. 2-3) so
that in arid or dry climates, the normalization process
makes it possible to compare the surplus or deficit of rain-
fall relative to a climatological period. In fact, the non-
transformation of drought index or the rainfall preserved
the skewness of the data series. Consequently, positively
skewed rainfall is expected to produce a larger range of
positive EDI than negative EDIs. Considering the negative
EDI values are more important to represent rainfall that is
required for a return to normal from a drought, this acts as
an advantage of the method for accurate detection of the
rainfall deficit period (Smakhtin and Hughes 2004). In ad-
dition, there was no need for distributional parameters or
subsequent assumptions about rainfall data. Importantly,
similar to the SPI, the EDI was standardized which allowed
drought severity at different sites to be compared regardless
of the climatic differences between them (Byun and Wilhite
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1999; Lee et al. 2012; Morid et al. 2006; Oh et al. 2013;
Smakhtin and Hughes 2004).

In addition to the EDI, the AWRI (total available water
resources due to rainfall as source) and PRN (rainfall needed
to recover prior deficit) were used to assess accumulated stress
caused by the scarcity of water resources, viz.:

D
W= 1/N 4
> (1/¥) )
AWRI = E—V; (5)
DEP
PRN ==~ (6)

where AWRI represents the available water resources in any
period of consideration (Byun and Lee 2002; Byun and
Wilhite 1999; Kim et al. 2009). A large value of the AWRI
indicates that a large amount of water resources are available,
and a small value indicates a deficiency. As it takes into ac-
count the daily reduction of water resources after precipita-
tion, the AWRI was able to show daily changes in water-
related conditions.

In this study, AWRI and PRN are used as supplementary
parameters for assessing the available water resources based
on rainfall and the estimated rainfall deficits caused by the
ongoing drought (Kim et al. 2009). However, it is important
to note that Eq. 5 behaves like a hydrological parameter but its
fundamental derivation from rainfall makes it unsuitable for
direct comparison with hydrological metrics (e.g., streamflow
or soil moisture). Therefore, in the context of the present work,
the AWRI should mainly be used to quantify meteorological
drought events. Nevertheless, the AWRI has a general formula
to represent the conversion of rainfall to available water re-
sources (Byun and Lee 2002) based on a time-dependent re-
duction formula so it may therefore be used for various pur-
poses such as comparison of drought, estimating soil moisture
(Yamaguchi and Shinoda 2002), defining water-abundant sea-
sons (Park et al. 2015a, b), defining rainy or Changma seasons
(Choi et al. 2012), and flood possibility studies (Deo et al.
2015).

3 Results and discussion
3.1 Comparison of EDI with P, SPI, and RAI

A direct way to compare the first-order (visual) relationships
between different DIs is a scatter plot (e.g., Kim et al. 2009).
Figure 2 shows the yearly minimum EDI versus P, SPI, and
RAI (Fig. 2) plotted from 1910 to 2010. For reasons of space,
only four candidate stations are shown. The scatter diagram
clearly displays directly proportional dependence of the EDI



Application of effective drought index in Australia

Fig. 2 Scatter diagram of the Portarlington Deniliquin Wallaroo Katherine
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and the P, SPI, and RAI. Overall, a Pearson’s coefficient (») of
0.86 is obtained in all panels. Although this is only a prelim-
inary assessment of the indices considered, it indicates that the
EDI possesses similar skill to the SPI and RAI for detecting
wet (or dry) conditions due to high (or low) rainfall. However,
in spite of the statistical correlation of EDI with P and its
corresponding DIs, a fundamental difference between the oth-
er DIs provides a rationale for its choice as a superior index.
That is, the SPI is calculated from cumulative rainfall on slid-
ing time scales (1, 3, 6 months, etc.), but the EDI is a contin-
uous daily signal (although it may be averaged for any time-
scale of interest). As shown later with the other metrics, the
EDI has better skill in monitoring of continuing drought than
other DIs that operate on fixed time scales.

Moreover, the SPI is based on the summation of rainfall in
the period of consideration but the EDI incorporates EP that
uses a time-dependent reduction function (Eq. 1) to account
for the diminishing of water resources over time (Byun and
Wilhite 1999; Kim et al. 2009). It is for this reason and others
such as greater objectivity that a direct comparison of the EDI
with the other DIs is taken cautiously, although the choice of
EDI remains superior, as shown later. In fact, previous studies,
for example, Morid et al.(2006), Pandey et al. (2008a, 2008b),
Dogan et al.(2012), and Jain et al. (2015), showed that the EDI
was more responsive to emerging drought and defined more
strategically a range of water scarcity conditions compared

with the SPI or the RDDI. Indeed, since the EDI system of
drought assessment yields discrete classifications for different
drought severities or intensities, this index can be considered
useful for application in various water resource environments
(e.g., agriculture).

3.2 Detecting annual drought using yearly effective
drought index

In drought hydrology, the departure of rainfall from a given
climatological period is commonly used in drought assess-
ment impacts. We have therefore identified historical drought
events at the station, Portarlington (Victoria) for the period
1890-2010 using annual rainfall (P) and its derivative as the
RAI (Fig. 3). Both statistical metrics were compared with their
corresponding yearly average and minimum effective drought
index (EDIy 4yg, EDL, nmiy). Interestingly, the magnitudes of the
EDI, ., and yearly minimum effective drought index (EDIL i)
exhibited harmonic variation with the RAL so that the years with
significantly negative anomalies coincide with drought events
that are well represented by the EDI. This indicates that the
annual drought is adequately detected by the annual average
EDI, which concurs with the approach of previous research
(Kim et al. 2009).

Merits of the EDI for its application in analyzing drought in
Australia are shown in Table 2, where the drought event is
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Fig. 3 The detection of annual drought years using a annual rainfall
totals (P,) and annual average effective drought index (EDI,), b rainfall
anomaly index (RA/,), and annual minimum effective drought index
(EDIL, ,,;,) for Portarlington (Victoria) for the period 1890-2010. Acro-
nyms for drought years are FD (Federation Drought), 1914—15D (drought
of the period 1914-1915), 1925-29D (drought of the period 1925-1929),
WWWIID (World War Il Drought), 1967D (drought of the year 1967),
1972D (drought of the year 1972), 1982—83D (drought during 1982/1983
period), and MD (Millennium Drought)

ranked in terms of its severity (i.e., RAI). Interestingly, this
ranking shows consistency with the severity ranks assigned
by the EDI, ,,, and the EDIy .. If we closely observe the

actual rainfall deficiency in the periods under concern, then
the highest magnitude of the RAI, is =281 for the Millennium
Drought (MD) event, which is in agreement with the highest
intensity of the drought event (i.e., EDIy i, of —4.25). This
event also exhibits marked shortage of water resources (of min-
imum value of AWRI (AWRI,,,;,)=30 mm) and subsequently
captures the highest precipitation return to normal (173 mm). It
is thus postulated that significant impacts from the Millennium
Drought event and the consequent accumulated stress on water-
sensitive areas (e.g., agriculture) were highly likely, as captured
by the yearly averaged EDI and the AWRL

A scrutiny of the data for the 1967D appears to ex-
hibit an inconsistency between the EDI, .., and the P
and RAI That is, the EDI; ,,, was not very much
negative (only —1.52) whereas the precipitation value
was very low (392 mm), and the rainfall anomaly was
significantly negative (=—249 mm). A plausible explana-
tion is drawn from the computational methodology of
the EDI, which differed from using raw P or rainfall
anomaly relative to the climatology. As the EDI was
responsive to the current day as well as the previous
(antecedent) rainfall accumulations based on time-
reduction function (Byun and Wilhite 1999), any con-
tributory (high) rainfall from previous years is likely to
impact the abundance (or shortage) of water in the cur-
rent year (1967). If so, this is likely to moderate the
magnitude of drought and consequently reduce the neg-
ativity of the EDI.

To verify this, we inspected rainfall data between 1964 and
1966 (not shown here) and found a positive rainfall anomaly
between 54 and 293 mm and a relatively large 3-year average
rainfall (769 mm). The latter was approximately 120 % of the
climatological rainfall (641 mm). However, due to very low
rainfall in 1967, the RAI classified the year as a dry period,
whereas the EDI, which considered time-dependent rainfall
accumulation rather than the gross value per year, classified
it as a “not so dry” year. This is primarily because water
resources in previous years acted as an offsetting factor for

Table 2 A list of annual drought

events identified by the annual Drought RAI, (mm) EDI, EDL min ~ AWRI i (mm) PRN oy (mm) P (mm)
value of the rainfall anomaly
index (RAIy) compared with the MD -281 -3.19 —4.25 37 173 360
annually averaged effective 1925-29D -245 -3.21 422 41 157 436
drought index (EDI,) 191415-D  —238 265  —4.08 4 149 403
FD -227 —2.44 -3.68 40 111 414
WWIID -229 -2.01 -3.52 33 144 413
1967D -249 -1.50 -2.77 56 92 392
1972D -144 -1.52 -2.62 42 90 497
1982-83D -128 -1.24 -2.40 46 88 514

The annual value of peak drought intensity (EDIy, 1), annual minimum available water resources index (AWRI,,
min)> and annual maximum precipitation return to normal (PRNy 1,4) is shown. The worst annual severity of

drought is in boldface
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the 1967D. It should also be noted that the previous 3-year
average AWRI (1964-1966) was reasonably high (74.5 mm)
compared to other years, and the EDI was between 0 and 0.44,
so none of those years were in fact characterized by drought.
Therefore, the 1967D was flagged as a moderate dry year.
This provides an example of the superiority of the EDI over
anomaly indices used for detection of annual drought.

A follow-up deduction on the practicality of the EDI can
be made. Suppose rainfall in any particular year is 1200 mm
and this equals the climatological value, then the RAI will
not classify the year as a drought year. On the contrary, if all
heavy rainfall is concentrated on 31 December and the days
before this period are dry, then all of those days are classi-
fied as dry spells. However, if 12 monthly rainfalls were
evenly distributed, then the EDI will not classify the year as
a drought year. Indeed, a lack of rain for days prior to 30
December is expected to cause water-related stress and the
danger of short-term intense dry days, irrespective of the
actual value of the annual anomaly. The merit of the EDI for
the encapsulation of dry conditions due to fluctuating water
resources in previously dry or wet periods is a practical
advantage of the effective drought index.

3.3 Definition of long-term (ongoing) drought events

In Section 3.2, the annual value of the EDI was illustrated to
be a good indicator of drought measurement per year but the
drought monitoring skill is limited to an overall assessment
rather than the measurement of the severity of ongoing (either
short- or long-term) events. However, multi-year droughts
such as the Millennium Drought event (e.g., Ummenhofer et
al. 2009) that progressed continuously for days, months, or
years often require an objective quantitative definition to en-
able the measurement of accumulated severity. Following this
viewpoint, the onset of a drought event was defined as the
calendar date when EDI first drops below 0, and secession
when it last exceeds this value while retaining negativity after
onset. Following the run-sum method of Yevjevich et al.
(1967a, 1967b), the properties of continuing drought events
were defined as follows:

N
Severity=AEDI = » _ EDI; < 0 (7)
i=1
Peak droughtintensity = min(EDI)q (8)
=N
Duration (DS)EZ 9)

i=1

where i is the date after onset day, EDI, is the index for a
period with continuously negative Drought duration DS,
EDIy refers to EDI of the last day of drought, and the AEDI

is the accumulated EDI for any continuing drought period
(hereafter AEDI) (Byun and Wilhite 1999; Kim et al. 2009).

According to the drought assessment properties shown in
Egs. 7-9, it is important to clarify that the utilization of the
AEDI method for continuous monitoring of drought severity
considers the fact that the impact of a drought should be mea-
sured in terms of the deficit in water volume, which by this
definition is quantified in terms of the cumulative value of the
EDI in a drought-sustained period (Kim et al. 2009). In this
context, the runs theory (Rice 1945; Yevjevich 1991;
Yevjevich et al. 1967a, b), which logically measures the water
deficit volume, was utilized where the drought index value for
all ith days with successive deficit in water resources (i.e.,
EDI;<0O) was considered. Likewise, the peak drought inten-
sity represents the “worst” water deficit condition within a
drought period, as measured by the most negative value of
the EDI, and the duration of drought is the length of the period
when EDI; was negative, in accordance with the running-sum
method of Yevjevich et al. (1967a, 1967D).

To assess the practicality of Eqs. 7-9 for quantifying the
accumulated stress due to the continuing drought events, the
daily EDI for 1925-29D at the Portarlington (Victoria)
station is used (Fig. 4). Drought is evident in the period
from 18 February 1925 to 12 February 1928 (first epi-
sode) and 24 June 1928 to 19 March 1931 (second epi-
sode). The first episode of the drought event lasted for
1090 days and acquired peak intensity (EDI,;,) of —4.22
(29 April 1927). Interestingly, the very high rainfall be-
tween 13 February and 23 June 1928 was mimicked by a
positive phase of the EDI. In this period, cumulative rain-
fall was 339 mm distributed over 131 days (rain
rate=2.60 mm day '), compared to 1391 mm over
1107 days (rain rate=1.26 mm day ') in the previous
(dry) period between 02 February 1925 and 12 February
1928. Upon crosschecking the available water resources
index and precipitation return to normal (not shown here),
an average daily AWRI and PRN of 119 and —15 mm for
the wet and 74 and 92 mm for the dry periods were found.
It can be seen that the higher rainfall rate and the abun-
dance of water were presumably responsible for easing
the first drought segment, as reflected accordingly by
the positive EDI.

The second episode was less intense than the first one,
lasting 999 days with an intensity of EDI,,;,=—2.99 (24 Oc-
tober 1929). As argued in Section 1.0, the EDI can be very
useful in detecting the onset and end dates of a given drought
and consequently for deducing the severity, intensity, and du-
ration. That is to say, considering the first episode of drought,
the onset date (18 February 1925) and end date of drought (12
February 1928) would be left undetected by the monthly in-
dices (SPI, RAL or the RDDI) since the entire monthly statis-
tics, rather than the start and end dates, would be used. This is
an advantage of the daily EDI over the monthly indices.

@ Springer



R.C. Deo et al.
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3.4 Monitoring daily patterns within the MD segment

In this section, we capitalized on the ability of the daily effec-
tive drought index for monitoring the daily changes in drought
status for the MD event. This type of daily assessment of
drought status is particularly useful for practical purposes such
as the early detection of the onset of drought and its progres-
sion. Figure 5 shows the values of the EDI, AWRI, and the

PRN for the MD event in Portarlington (Victoria). Interesting-
ly, the daily EDI was able to pick up dry episodes in 2002,
2006, and 2009, which was in agreement with the peak
drought event based on rainfall anomaly values (e.g., Dijk et
al. 2013, Timbal and Fawcett 2013, Ummenhofer et al. 2009).
Based on the definition of drought onset (Fig. 4), the 2002
drought event commenced on 12 December 2001 and contin-
ued for 594 days.

Fig. 5 A daily time series plot of (a) 3 200
a effective drought index (EDI) — EDI l
and available water resources 3 — AWRI ‘ 150 =
index (AWRI; mm) and b “ é
precipitation return to normal — 1 N ] 1 N
(PRN; mm) for Millennium a A
Drought period (MD) (2001— 1 LA - =
2010) for Portarlington (Victoria). E
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also been included in each panel :
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During this period, the drought peak intensity registered an
EDI,,;,=-3.80 (18 June 2003) and acquired the lowest value
of available water resources Index on 20 February 2003 with a
magnitude of AWRI,,;,=41.54 mm. Additionally, the rainfall
needed to recover the prior deficit reached its peak value on 20
July 2003 (PRN,.x=125.08 mm). Between 24 and 29 July
2003, a relatively high rainfall (=78.9 mm) was presumably
responsible for the marked increase in AWRI (54.00 to
110.65 mm) and a sharp decline in the PRN (123.00 to
—3.19 mm). Consequently, the EDI was reduced from —3.66
to 0.44 in order to mimic the wetter conditions. An important
deduction from this analysis is that the dry conditions
persisting for several days reverted to nearly normal condi-
tions (EDI>0) with only 1 day of rainfall. This observation
supports the practical utility of the EDI for monitoring a con-
tinuing drought, while taking into account drought relief that
can be triggered by very heavy downpours. The monthly in-
dices of drought (e.g., SPI) preclude such objective mecha-
nisms for monitoring the dynamical nature of drought, partic-
ularly due to very heavy daily rainfall.

After July 2003, the dry conditions continued to become
worse, reaching a peak value on 22 April 2004 although the
maximum intensity of drought was lower (EDI,;,~—2.84),
and the water scarcity conditions were lower
(AWRI,,,;,=54.26 mm) than the peak in July 2003. A close
inspection of all data showed that the peak of the April 2004
segment was triggered by a dry summer (December—Febru-
ary) with only 86.5 mm of cumulative rainfall in this period.

The beginning of 2005 was not a drought period as the EDI
was in its positive phase (4.25) as a consequence of heavy rain
(97.4 mm) on 3 February 2005 and abundant water resources
(AWRI=245 mm). The peak of drought, however, was real-
ized in the second phase (27 April 2007) with an EDI,;, of
—4.25. In response to this dry event, the available water re-
sources index decreased to 40.8 mm and the PRN,,,, in-
creased to 130.9 mm. Also, the third phase was potentially
catastrophic with EDI,;;,~—3.98 and PRN,,,,~116.6 mm
on 7 June 2006 although their magnitudes were 7 % lower
than the second episode.

3.5 Dry and wet spell analysis for the MD

Using the notion of dry spells (or negative phase of the EDI)
and wet spells (or positive phase of the EDI), we utilized this
index for quantifying the relative frequency for the MD event
and the available water resources for each class of drought
experienced (Fig. 6). A dry spell (drier than normal day) was
categorized into extreme (EDI<-2.0), severe
(—2.0<EDI<-1.5), and moderate (—1.5<EDI<-1.0) and a
wet spell into the synonymous categories with their positive
EDI (Kim et al. 2009). The analysis yielded clear evidence
that the three stations (Portarlington, Wallaroo, and
Cranbrook) encountered extreme dry spells during the MD

with relative frequency of 33.9, 7.3, and 7.8 %. For the same
stations, the severe dry spells had relative frequencies of 6.6,
17.7, and 9.7 %.

Among all stations tested, Portarlington experienced the
largest impact of extreme dry spells. However, the frequency
of severe dry spells for Wallaroo was the highest compared to
other stations. It was interesting that less than 1 % of all days in
Cape Grim, Fairy Mead, and Katherine are classified as dry
spells. By contrast, their severe dry spells registered a frequency
of 4.2 %, whereas those for Fairy Mead and Katherine are less
than 2 %. For moderate dry spells, Portarlington and Wallaroo
exhibited nearly identical frequency (17 %), followed by
Deniliquin (15 %) and Cape Grim and Fairy Mead (13 % each).

In terms of the available water resources index, the mini-
mum value was obtained for Deniliquin and Wallaroo
(~15.00 mm extreme, ~15.00-22.00 mm severe, and
~18.00-28.00 mm moderate) and concurred with their gener-
ally dry climate (Fig. 1b). On the other hand, Katherine and
Cape Grim appeared to be immune from dry spells, but in
terms of wet spells, a high frequency was evident for
Katherine (~7-16 %) compared to less than 6 % at all stations
except Cranbrook. By comparison, Cranbrook exhibited cases
of both dry and wet spells with similar frequencies. The nor-
mal conditions for Deniliquin, Wallaroo, and Cranbrook re-
corded the lowest frequencies (~32-37 %)).

When compared cumulatively for the entire dry period, the
dry spells yielded the highest frequency for Portarlington
(~62 %) followed by Wallaroo (~43 %), Deniliquin and
Cranbrook (~26 %), and Cape Grim and Fairy Mead
(~16 %). Interestingly, this contrasted with the lowest frequency
of dry spells for Katherine (~6 %). Opposite trends were evident
for total wet spells, where the highest frequency of ~36 % was
obtained for Katherine, ~26 % for Cranbrook, and ~11 % for
Cape Grim. For Portarlington, wet spells added to less than 6 %
and therefore indicated its much greater vulnerability to
drought. Compared with all other stations in consideration, the
impact of the MD appeared to be most pronounced in Victoria
and the least pronounced in Northern Territory.

3.6 Severity of long-term (continuing) drought per
historical event

One may perceive that the drought severity may not solely
depend on the magnitude of the index but rather on the period
over which the drought has been sustained (Dogan et al. 2012;
Kim et al. 2009). In Australia, for example, the MD event was
sustained for several years; thus, intense accumulated stress on
water resource sectors like agriculture, household water use,
and consumption and the functioning of natural ecosystems
was observed (Dijk et al. 2013; Ummenhofer et al. 2009). For
such protracted drought events, the accumulated severity
should be assessed with respect to its continuity over time
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and the overall magnitude acquired by the index in that period
(Kim et al. 2011).

Based on our earlier definitions (Egs. 7-9) and the run-sum
approach that allowed for the estimation of the accumulated
stress caused by drought (Yevjevich et al. 1967a, b), we in-
vestigated the severity, |JAEDI|, duration, DS and peak drought
intensity, and |EDI,,;,| of drought over the period 1890-2010
in Portarlington (Victoria) (Fig. 7). The highest magnitude of
all three properties was exhibited for the 1925-29D, followed
by the 1914-15D and the MD which exhibited nearly identi-
cal magnitudes. Although the 1925-29D and the 1914-15D
registered maximum values of the AEDI, they had single
peaks in their duration and severity panels, whereas the MD
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had three peaks centered on 2002, 2005, and 2006. On this
basis, the latter event was a multi-year and potentially damag-
ing drought event, with its effects compounded by the cumu-
latively negative EDI sustained for a longer duration. In addi-
tion, the FD (1897, 1902, and 1907), the World War II
Drought (1937-1945) (WWIID) (1932, 1937, and 1942),
and the 1967D were also very severe (Fig. 9), but the magni-
tude of these properties did not outweigh those of the MD. It is
interesting to note that the duration and the severity were
highly correlated, indicating that severe drought events were
generally prolonged.

Information on the accumulated severity extracted from
Fig. 5 was used to rank drought events recorded over the
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120-year period. Table 3 shows the onset, duration, severity,
intensity, minimum AWRI, and the maximum PRN. It is im-
portant to realize that the consistent mechanism of the EDI
allowed us to utilize any of these properties for ranking pur-
poses and subsequently estimating the potential damage. In
our study, the AEDI was used as a measure of accumulated
severity due to drought. The results show that the 1925-29D
and the 1914-15D were very severe (AEDI=-25788.90,
—1721.80) and had a total duration of 1090 and 762 days
and an intensity (EDI,,;,) of —4.22 and —4.08, respectively.
The next case was the MD event punctuated in three seg-
ments, 2007 (AEDI=-1649.80), 2005 (—1382.50), and 2001

(—=1210.30). The minimum AWRI was qualified as extreme
water shortage so the damages from water shortages were
perhaps very severe. Table 3 also shows that the order of
drought severities based on the AEDI and the DS is different
from those calculated based on the minimum EDI. In any
drought comparison, one of the three methods can be adopted
depending on the purpose of the comparison. Generally, the
AEDI is assumed to be the most appropriate if the severity of
the event in terms of its continuity over time is to be
considered.

We also inspected the multi-year events using event-
accumulated properties of drought. When considered

Table3  The application of the daily effective drought index for ranking the drought events based on the accumulated value of consecutively negative
effective drought index (AEDI) for Portarlington (Victoria) over the 120-year period. The worst drought period has been shown in boldface

Rank  Drought Onset date Severity AEDI  Duration DS (days)  Intensity EDI;;;,  Min AWRI (mm)  Max PRN (mm)
1 1925-29D 18 February 1925  —2588.9 1090 —4.22 40.6 177
2 1914-15D 4 June 1913 -1721.8 762 —4.08 41.6 148
3 MD 6 November 2007 —1649.8 753 -3.98 475 134
4 16 November 2005  —1382.5 599 —4.25 37.0 135
5 1925-29D 24 June 1928 —1229.8 607 —2.99 455 114
6 MD 12 December 2001 ~ —1210.3 594 -3.80 41.5 125
7 FD 02 September 1897  —1178.4 565 -3.68 40.4 110
8 WWIID 02 September 1942 —1085.4 609 -2.93 47.7 114
9 21 October 1937 —987.8 494 -3.52 32.8 144
10 1967D 27 January 1967 —828.9 458 -3.11 43.1 105
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Table 4 The event-accumulated

drought severity (EAEDI), total Rank Drought Event-accumulated Total dry duration, Event-accumulated
dryness (DS,), and event- severity, EAEDI DS; (days) intensity, EEDI,;,
averaged peak drought intensity
(EEDI,;,) for Portarlington 1 Millennium —4242.6 1946 —4.01
(Victoria) over the 120-year 2 1925-1928 ~2588.9 1697 -3.61
period 3 World War IT —2073.2 1103 -322

4 1914-1915 -1721.8 762 —4.08

5 Federation -1178.4 565 —3.68

The worst event-accumulated drought is in boldface

separately, the 1925-29D has been ranked in the first and
the fifth category and the MD in the third, fourth, and
sixth category (Table 3). In Table 4, the event-
accumulated EDI (EAEDI), total dry duration (DS;), and
event-averaged intensity (EEDI,;,) for the top five
droughts are listed. The magnitude of the EAEDI and
DS; for MD were 163 and 178 % higher than 1925—
29D. Likewise, the value of EEDI,;,=—4.01 for the MD
was in contrast to the value of —3.61 for the 1925-29D.
Additionally, the EAEDI for the WWIID, the 1914-15D,
and the FD were comparatively smaller than MD by 50,
40, and 30 %, respectively. This clearly showed that the
MD was more severe compared with any other event in its
120-year drought history. Indeed, the ability to distinguish
the precise nature of drought in terms of the pertinent
water resource stress factors like the duration, severity,
intensity, available water resources, and the precipitation
return to normal is a significant benefit of the EDI
approach.

3.7 Annual dryness index based on accumulated dry spells

In any drought studies, and especially those impacting water
resource sectors, it is beneficial to compare the overall dryness
per year considering the accumulated stresses caused by all
dry spells recorded in the particular year. In this study, we
applied the AEDI approach and calculated the sum of all

-3.5

negative EDI over an annual unit (Kim et al. 2009). It is
noteworthy that this approach is different from quantifying
the drought year based on annual EDI (Section 3.2) as only
the dry spell cases are considered in determining the AEDI per
year. The benefit of this different approach is to express
drought severity on an annual basis, viz. (1) sum divided by
365 days (yearly accumulated deficit of EDI (YAEDI5¢s;
Eq. 10) and (2) sum divided by total days of negative EDI
over 365 days (YAEDIpg; Eq. 11) as follows:

DS
EDI; < 0
YAEDI;45 = = 1
365 365 ( 0)
DS
EDIL < 0
YAEDIpg = = 11
DS 5S (11)

Figure 8 displays the annual dryness index represented by
Egs. 9 and 10 for the 120-year period for the station
Portarlington (Victoria). On an annual basis, the worst years
(YAEDI;45>-2.0) match the events of the 1925-29D, 1914—
15D, FD, and the MD. In spite of the strongly negative
YAEDI for 1898, 1914, and 1928, adjacent years did not have
large magnitudes of YAEDI. By contrast, the dryness index
for the MD was consistently elevated in 2006, 2007, and
2009. This indicated that on an annual basis, the MD is con-
sidered as a mega-drought event. Our findings agreed with

Fig. 8 The chronological
representation of annual dryness
in terms of the yearly
accumulated effective drought
index (YAEDI) based on total
number of dry days (DS) only
(i.e., YAEDIps) and all 365 days
in the year (i.e., YAEDI;45) for
Portarlington (Victoria)
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Table 5 The annual ranking of

drought events based on the Rank Year YAEDIl;s YAEDIps  EDL,  SPI- RAI  Min AWRI Annual P

yearly accumulated value of the 12 (mm) (mm)

consecutively negative effective

drought index (YAEDI) for 1 1927 -3.21 -3.21 -422 -1.69 205 40.6 4353

Portarlington (Victoria) over the 2 1914 —2.69 —-2.69 -405 202 238 416 403.0

120-year period 3 2009 -2.65 -2.65 398  -1.12  -145 475 495.9
4 1898 —2.44 —2.44 -3.68 —190 227 404 414.0
5 1926 —227 227 -3.09 -120 -154 504 4875
6 1929 —2.22 222 —299  —064 -89 455 5529
7 2007 213 -2.29 425 —044 66 380 5955
8 2006 —2.08 -2.08 365 248 -171 370 360.0
9 1907  —2.05 -2.07 320 124 -158 499 483.1
10 1938  —2.01 -2.01 -337  -192 -229 439 4125

The YAEDI;4s5 is the ratio of the sum of negative EDIs to the annual time scale (365 days) and the YAEDIpg is the
ratio of the sum of negative EDIs to the number of dry days (DS)

previous studies (e.g., Timbal and Fawcett 2013) where the
MD was extremely severe compared with either the Federa-
tion or the World War II drought events based on annual and
seasonal rainfall anomalies.

The average dryness of the drought years was quantified
and ranked in Table 5. It was clear that the average dryness
and intensity per year based on the dry spells were highly
discernible in all the identified years. In order of their sever-
ities based on the YAEDI, the worst drought years were the
1927, 1914, 2009, 1898, 1926, 1929, 2007, 2006, 1907, and
the 1938 events. For drought years ranked from the first to the
sixth category, the entire year was drier than normal as
reflected by the negligible difference between the YAEDI ;45
and the YAEDIpg (e.g., Kim et al. 2009). Interestingly, the
annual minimum value of the AWRI for the two drought years
(2006, 2007) qualified with an extreme shortage of water due
to drought so it is likely that the actual damages were poten-
tially very severe. This was reflected by the minimum EDI of
—4.25 in the year 2007. While the eight severe drought years
identified by the YAEDI were also present in continuing
drought events (Table 5), the years 1907 and 1938 were ex-
cluded from the top ten ranks. This was because the negativity
of the annual average drought index can be reduced when
water scarcity is canceled out by excessive or rapid spurts of
rainfall during other periods of the same year (Kim et al.
2009). Therefore, all drought years including 1907 and 1938
experienced prolonged dry conditions over the entire year and
thus reflected overall drought conditions.

In Table 5, we compared the 12-monthly SPI, RAI, annual
P, and the minimum AWRI for the drought years in order to
check the synchronicity of these drought parameters with ab-
normal aberrations in yearly rainfall. It may be inferred that
ranking of annual dryness based on rainfall shortage should be
discerned from that of annual severity based on the YAEDI
(e.g., Kim et al. 2009), as raw rainfall statistics do not gener-
ally reflect loss of water over the passage of time. That is,

annual dryness computed from the daily EDI over annual
units (see Egs. 10 and 11) was more responsive to the actual
rainfall variations throughout the year as the EDI was calcu-
lated based on time-reduction functions (e.g., Eq. 1), whereas
the total precipitation on drought days does not consider the
gradual loss of rainfall over time. Among all drought years
considered, the year 2007 received the highest rainfall
(~595.5 mm), which was 93 % of the climatological mean
value. This occurred despite the year being classified as a
drought year with a YAEDI345 of —2.13 and being ranked
the seventh most severe case. This seemed to suggest that
there was a poor distribution of rainfall in 2007, which needs
further verification.

To seek a plausible explanation for this statistic, Fig. 9 plots
the daily P and EDI together with the monthly SPI from 1
January to 31 December 2007. A check of data prior to 2007
showed that the drought actually started in the previous year
and arrived with the negative SPI and EDI value on 1 January
2007. Beyond this date, occasional spurts in rainfall were re-
ceived but limited to 21 January (~21.00 mm), 28 February
(~11.00 mm), and 24 March (~11.00 mm). The other days were
predominantly dry therefore supporting the notion of poorly
distributed rainfall after 24 March. However, the majority of
rainfall was received in the rainy season (28 April to 20 Au-
gust), which elevated both indices (i.e., SPI and EDI) to their
positive phases, and reflected partial recovery from dry condi-
tions. Importantly, the rest of the year was dry again until about
52.00 mm of rainfall was received on 4 November. Summed up
value of rainfall until December 2007 was 595.00 mm, which
exceeded the value for drought years ranked between 1 and 6
(Table 5). If taken from a simple precipitation point of view, the
year 2007 should be much less severe in terms of drought;
however, based on the YAEDI or the minimum EDI, it was
certainly a severe drought year. The analogy verified the prac-
tical merits of the daily EDI for precise representation of
drought in case of poorly distributed rainfall, while the YAEDI
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was potentially useful for estimating the gross annual dryness
considering all dry spells in that annual period.

3.8 Seasonality of “big” Millennium Drought using
effective drought index

Of all major droughts in Australia (Table 6), the MD event has
been widely viewed as an exceptionally dry event when ex-
amined over the climate record for the last 120 years (e.g.,
Murphy and Timbal 2008; Sohn 2007; Timbal and Fawcett
2013). This has also been depicted in our study using the run-
sum approach of drought assessment in terms of the cumula-
tive drought severity, duration, and drought intensity
(Table 4). However, any comparisons of drought-related dam-
age (e.g., Table 6) with the drought index or its derivatives
(severity, duration, or peak intensity) should be made with
caution as such comparisons require additional impact assess-
ment data (e.g., economic outlook, environmental impacts,
agricultural, or other data). In this paper, we are only interested
in analyzing the overall extent of droughts; any explanation of
the impact of drought events would require more extensive
analysis of various other datasets.

Several previous investigations that analyzed the multi-
timescale behavior of historical droughts have noted distinct
seasonal patterns of rainfall variability in relation to the MD,
the Federation or the World War II drought (e.g., Kiem and
Franks 2004; Timbal and Fawcett 2013; Verdon-Kidd and Kiem
2009). We therefore applied the EDI for the seasonal character-
ization of the MD event using daily rainfall data for the period 1
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Days since 01 January 2007

January 2001 to 31 December 2010. Table 5 shows the cumu-
lative severity, duration, and average intensity based on Eqs. 7—
9. It also shows the minimum available water resources index
and the total rainfall needed to recover the prior deficits (PRN,,)
for each season and the station to provide supplementary infor-
mation on its potential impacts on water resource sectors.
From these figures, the distinct seasonality of geographi-
cally sparse data stations can be observed. In terms of the
cumulative severity, duration, and peak intensity, the Victorian
station (Portarlington) registered the highest value of the
drought index (i.e., AEDI=-3704, DS=2012 days,
EDI,,j,=—4.25) during the spring and the summer seasons
compared to other stations. The correspondence of this station
with the region of the Murray-Darling Basin, Australia’s agri-
cultural hub, signifies its exceptionally serious impact on ag-
riculture and water resource sectors. Interestingly, the magni-
tude of the AEDI at Portarlington was more than twofold
higher than the value recorded at other stations, and likewise
the duration and intensity were more than 30 % larger. In
contrast to the observations for Portarlington where peak im-
pacts of the MD event have been recorded in the spring, that at
Deniliquin (New South Wales), Wallaroo (South Australia),
and Cranbrook (southwest Western Australia) occurred in the
autumn. Among all stations under consideration, Katherine
appeared to be particularly immune from the MD event, as
evidenced by relatively smaller magnitude of the drought pa-
rameters. Importantly, this was consistent with observations
where statistically significant increases in rainfall and the de-
crease in number of dry days over 1910-1990 period were
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Table 6 The seasonal characterization of the Millennium Drought period using the drought monitoring data for the period 1 January 2001 to 31

December 2010
Season Portarlington Deniliquin Wallaroo Cranbrook Cape Grim Fairy Mead Katherine
EAEDI
DJF —1225 —488 -169 —-150 -313 —949 -96
MAM —248 -908 —-1838 -1645 —364 —-158 —382
JJA —240 —637 —1040 =75 -531 -259 No drought
SON -3704 —245 -90 -295 —347 —411 —143
DS
DJF 637 768 272 258 480 1265 200
MAM 301 869 1482 1108 471 356 712
JJA 270 649 803 161 598 383 No drought
SON 2012 426 180 414 532 578 178
EEDIin
DIJF —3.80 -1.70 -1.71 -1.95 -1.92 -1.66 -1.70
MAM -1.74 -2.05 -2.87 -2.86 -2.22 -1.07 -1.14
JIA -2.33 -1.88 -2.67 -1.14 -2.62 -1.71 No drought
SON —4.25 -1.20 -1.12 -1.16 -1.97 -1.67 -2.27
AWRI,y; (mm)
DJF 415 28.0 25.8 29.7 83.2 62.8 92.5
MAM 74.9 15.3 15.3 26.3 85.0 64.2 39.7
JJA 72.5 24.3 20.2 67.1 63.9 58.1 No drought
SON 37.0 33.0 53.1 36.9 79.5 73.8 41.0
PRNo (mm)
DJF 126.1 135.5 49.1 96.3 160.6 753.7 336.7
MAM 109.2 180.0 269.3 300.8 307.4 320.0 109.3
JJA 168.1 149.9 243.4 100.4 363.0 246.8 No drought
SON 564.4 195.0 98.1 104.7 292.9 446.8 2573

The extreme case per season is also highlighted in boldface

DJF December-January-February, MAM March-April-May, JJA June-July-August, SON September-October-November, EAEDI event-accumulated
effective drought index, DS; cumulative duration of the number of dry days, EEDI,,,;,, mean drought intensity, AWRI minimum available water resources

index, PRN,,, total value of precipitation return to normal

evident for a number of stations in Northern Australia
(Suppiah and Hennessy 1998).

Based on Egs. 5 and 6, we estimated the water scar-
city conditions and rainfall needed to recover the prior
deficit caused by the persistently dry conditions for the
MD event (Table 5). The severest drought (with the
greatest paucity of water resources and largest precipita-
tion needed to return to normal) was noted for the spring
season (AWRI,;;=37.00 mm, PRN,;=564.40 mm), al-
though the value of the AWRI,;, was less than half of
Deniliquin and Wallaroo (15.30 mm) (stations located in
New South Wales and South Australia). The very low avail-
ability of water resources seems to pinpoint that significant
damages at these stations were potentially very severe. In fact,
the intensity of drought, which concurred well with the mag-
nitude of AWRI,;,, fell in the extreme threshold category
(EDI,,;, <—2.00) (Table 5). It is also noteworthy that the

June—July—August period in Katherine (Northern Territory)
was drought-free since the EDI for this case was positive
and hence did not identify any drought events.

Therefore, we aver that the MD event in eastern Australia
could have been highly damaging in terms of both its severity
and impacts on the hydrological balance, as also exemplified
by many other studies (e.g., Dijk et al. 2013; Timbal and
Fawcett 2013; Ummenhofer et al. 2009). Additionally, it is
also striking to note that the rainfall needed to return to normal
conditions was also the highest (i.e., PRN=565.4 mm) for
Portarlington and therefore indicates the significant cumula-
tive stress caused by dry spells in the Victorian region. To
summarize, the implementation of these multiple indicators
of drought as enumerated in Tables 3, 5 and 6, derived from
consistent approaches, provides useful information on drought
assessment, especially its potential impact on water resource
environments.
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4 Summary and conclusions

Our research has explored the use of the effective
drought index for the first time in Australia to quantify
dry spells and continuing drought events. Most previous
studies in Australia have utilized monthly, seasonal, and
annual indices for characterizing drought periods. In this
study, a daily time-step was introduced as a useful tool
for capturing the surplus, deficit, or normality of daily
water resources, thus identifying both the dry spells as
well as continuing drought events. Based on the daily
EDI for any identified dry period, the summed negative
indices measuring the severity of drought provided an
effective way to compare drought severity in terms of
the accumulated stress caused by the shortages of daily
water resources.

The duration (number of days of consecutive dry spells),
severity (accumulated negative EDI), and intensity (minimum
EDI) were deduced for all candidate stations. Based on the
onset and termination dates of drought determined by the first
negative EDI', droughts of the Federation period (1897—
1803), 19141915, 1925-1929, 1937-1945 (World War II),
and the Millennium (2001-2010) were ranked according to
their accumulated severity. The most severe case was the Mil-
lennium Drought event in Victoria. In the New South Wales,
Western Australia, and Queensland, the World War IT drought
event was ranked as the most severe case. By contrast, in
northern Australia, the 1925-1929 event was the worst, while
in Tasmania, the 1911-1915 event exhibited the highest se-
verity, followed by the Millennium Drought event. Several
localized events which also appeared in the top ten cases were
also noted. Based on the results, it may be conjectured that
together with the EDI, the AWRI and the PRN allow the
determination of the absolute quantity of the available water
resources for a dry period, as well as enabling estimates of
deficits, in addition to an analysis of the drought in terms of
the year and the event. This provides crucial water deficit and
a rational-based accounting measures for impact assessment
in areas relevant to water resource environments. As the im-
pacts of projected climate change are felt around the world
(Adamowski et al. 2010; Belayneh et al. 2014; Halbe et al.
2013; Nalley et al. 2012, 2013; Pingale et al. 2014), accurate
measures of drought properties will become increasingly im-
portant to help manage natural resources in a more sustainable
manner.

In spite of the advantage of the effective drought index for
continuous monitoring of drought, the requirement of daily
rainfall data is a significant limitation of this method for its
operational implementation. Daily data, although readily

! In some studies on the EDI, different thresholds for dry days were used.
For example, Kim et al. (2009) used EDI<—1.0 for the start of a dry
period.
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available for many locations, may still be unreliable, unavail-
able, or difficult to recover in data-sparse regions. In using
daily data, it may be difficult to use the EDI in an operational
situation as daily updates to input data may not always be
possible in real time. This was exemplified for the case of
the 1982-1983 and 1991-1995 drought events in Australia
where missing data raised issues in regards to the accurate
quantification of drought events. While the EDI approach
does allow for the missing data to be recovered from its cal-
endar averaged values from the data available period, the as-
sumption that daily rainfall amounts would match the missing
data period may not hold true, and therefore, the estimation of
the drought index would encounter significant errors. Further-
more, the EDI does not consider the distribution of rainfall
and, therefore, might limit the application of this index to very
arid regions. Like the SPI, the EDI requires long time series
data as an input and therefore may not be suitable for drought
monitoring in regions that do not have such data. With only
precipitation accounted for, the impact of temperatures on
drought situations is not directly acknowledged, as is normally
done by the PDSI or the SPEL

To summarize, we conclude that for data-rich regions, the
application of the daily effective drought index as a unified
index and its water-related derivates (the AWRI and the PRN)
as supplementary parameters for monitoring duration, severi-
ty, and intensity of dry spells is very useful for water resource
management perspectives (Oh et al. 2015). However, it must
be emphasized that a direct comparison of any of the drought
properties (e.g., duration, severity, or peak time) and the envi-
ronmental or economic impacts should be made with extreme
caution as these properties only depict the meteorological
character of drought (i.e., rainfall-based). A more thorough
analysis of the economic and environmental data (e.g., agri-
cultural productivity, water use demand) should be made with
the framework of a complex adaptive system or multifaceted
approach before any deductions of impacts based on drought
properties are made. Nevertheless, the prospect of monitoring
continuing drought events by the EDI approach open a win-
dow of opportunity for testing of its operational applicability
by including a larger coverage area than used in this pilot
study.
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Appendix

Table 7 A summary of the historical droughts and their impacts in Australia for the period 1890-2010

Drought period Region

Impacts and estimated damage

1895-1903, Federation
Drought (“FD”)

Australia wide

1915-1915 (“1915-15D”)  Western Victoria, central Tasmania,
South Australia; southern, northern,

central Queensland, New South Wales

Northern Territory, Victoria, Tasmania,
New South Wales

1925-1929 (“1925-29D”)

1932-1945, World War 11
Drought (“WWIID”)

1965-1968 (“1967D) Eastern Australia although dry conditions
persisted over the central continent
since 1957, spread elsewhere during

1964/1965 summer

1972-1973 (“1973D”) Victoria, western and central New South

Wales, South Australia northeastern Tasmania

1982-1983 (“1982-83D)
Wales, central and Queensland and
South Australia

1991-1995 (“1991-95D”)

2002-2010 (“MD”)
Wales, Victoria and southwest Western

Australia; hit irrigated and dryland agricultural
sectors in Victoria and Murray-Darling Basin

Widespread (New South Wales, Queensland,
Victoria, and South Australia); simultaneous
impacts in northwest and southeast Australia

Most of eastern Australia, inland New South

Northeastern New South Wales and Queensland

Southeast Queensland, southern New South

Decline in sheep flock by 50 %, cattle>40 %, and
wheat 2.4 bushels per acre. Climax in 1902 threatening
drinking water supply in Sydney, 26 February 1902 as day
of “humiliation and prayer,” Darling River reduced to trickle,
sheep flock wipe out in Queensland (Year Book Australia 1988;
Botterill 2003; Smith et al. 2007)

18-monthly dry period, national crop failure (1914); soaring
temperatures and bushfires; water flows in Murray Basin
reduced to 2 % of normal value (Botterill 2003; Foley 1957)

High intensity short, affected pasture regions; persisted in
New South Wales (1929-1935), Northern Territory
(1926-1929), Victoria (1925-1927), and Tasmania
(1925-1927) (Foley 1957)

Significant loss of crop, sheep, and cattle. By August 1940,
the Nepean Dam (New South Wales) was empty and water
restrictions enforced in Brisbane, Sydney, and
Melbourne (Smith et al. 2007)

Severe in eastern Australia; peak in 1967 coinciding with
Tasmanian bush fires with 62 deaths and 1400 homes lost;
drop in wheat production by 40 % and loss of 30 million
sheep (Year Book Australia 1988)

9-10 months ending February 1973; drought broke in
February 1973; except in northeastern Tasmania, where
it broke in autumn 1973 (Year Book Australia 1988)

Mostly concentrated over the low rainfall period of
April 1982—February 1983 lowest 10—11-month rainfall in
Victoria; decimated wheat crop and livestock worth
A$3.0 billion (Allan and Heathcote 1982; Glantz et al. 1987)

Water reservoirs below critical level. Average rural production
fell by >10 %. Economic loss of A$5.0 billion; widespread
winter cropping (wheat, barley, oats, and legumes) by 50 %
(1993-1994) and a decline in rural production to 10 %
(1994-1995) (Year Book Australia 2012;

White and O’Meagher 1995)

Enactment of water legislation, high electricity prices,
bushfires in 2003 and 2009, and decline in GDP by 1 % between
2001 and 2003 and 0.6 % between 2006 and 2007, severe effects
in 2002, 2006, and 2008 accompanied by a notable absence of
wet years; systematic reduction of 10-20 % in autumn and winter
rainfall. Reduction of winter crop by 36 %, worth A$3.5 billion
(Year Book Australia 2012; Adams et al. 2002;
Murphy and Timbal 2008)
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