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■ A LONG HISTORY OF DROUGHT IN MELBOURNE

Australia is the world’s driest inhabited continent, and its
population is one of the most urban. As of 2010, 89% of
Australia’s 21 million inhabitants lived in urban areas.1 Finding
adequate water resources to sustain Australia’s cities is an
ongoing challenge.2 Nowhere is that more apparent than in
Melbourne, a coastal city of approximately 4 million people
located on the country’s southeastern coast. Over its 166-year
history, Melbourne has experienced eight major droughts. The
most recent one, known as the Millennium Drought, started in
1997 and lasted more than a decade. By 2009, below-average
precipitation and above-average temperatures drained the city’s
drinking-water reservoirs and stoked bush fires, including the
“Black Saturday” fire that damaged 30% of the city’s water
supply catchment and claimed 173 lives.3 The Millennium
Drought also altered public perceptions about global climate
change, water conservation, and water-use behaviors, and
energized city managers and politicians to adopt a wide range of
approaches for augmenting water supplies and conserving water
resources, although the contribution of climate change to the
Millennium drought, while plausible, remains unproven.4 In
this paper, we explore how the Millennium Drought changed

the way Melburnians source and use their water resources and
discuss what these changes may portend for other large cities in
water-scarce and climate-change-vulnerable regions of the
world, in particular, the Southwest region of the United States.

■ MELBOURNE’S WATER SUPPLY
Melbourne sources most of its water from protected stream
catchments located in uninhabited mountain ash (Eucalyptus
regnans) forests to the north and northeast of the city (Figure
1). Runoff from these protected catchments flows by gravity
into ten harvesting reservoirs and, from there, through a
network of aqueducts and pipelines to storage reservoirs where
it is distributed, after minimal treatment, to local service
reservoirs. Since the first harvesting reservoir was built in the
mid-1800s, Melbourne’s protected catchments have provided
the city with a safe, low-energy, and mostly reliable source of
high quality drinking water. However, they have also left the
city vulnerable to water shortages during periods of very low
precipitation.5

To buffer against water shortages, Melbourne recently
invested in various water supply augmentation schemes,
including an interbasin transfer pipeline (the North−South or
Sugarloaf Pipeline) and the largest desalination plant in the
Southern Hemisphere (the Wonthaggi Desalination Plant)
(Figure 1). These two projects were built at a capital cost of
approximately AU$700 million 6 and AU$6 billion,7 respec-
tively, and can deliver annually up to 75 and 150 GL of water to
Melbourne; combined, that equates to about 40% of the city’s
present day municipal water demand.
However, since their completion in 2010 (Sugarloaf

Pipeline) and 2012 (Wonthaggi Desalination Plant), neither
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project has provided water to Melbourne. There are several
reasons for this outcome. Both projects were commissioned
during the Millennium Drought but completed after the
drought ended. With water no longer in short supply, public
concern has mounted over the cost and carbon footprint of
producing water from the desalination plant, while the
Sugarloaf Pipeline has proved politically unpopular because it
transfers water from already water-stressed rural areas.7 The
purchase price of the desalinated water, which was negotiated
during a period of extreme water scarcity, depends on the
quantity of water purchased and is currently significantly higher
than the cost of water from conventional sources.
The fraught history of these two water supply augmentation

schemes illustrates the complexities that can arise when climate
alternates between periods of relative water scarcity (when the
exigency to augment water supply holds sway) and periods of
water abundance (when financial, environmental, and equity
concerns dominate). For the Melbourne area, global climate
change models forecast long-term decreases in average annual
precipitation and an overall increase in climate variability.8

Thus, climate changeand increasing climate variability, in
particularwill likely play a starring role in Melbourne’s water
supply challenges for the foreseeable future.

■ INFLOW FROM CATCHMENTS DURING THE
MILLENNIUM DROUGHT

An analysis of the water flowing into and out of the city’s
reservoir system reveals how the Millennium Drought affected
Melbourne’s water budget (Figure 2). Until 1997, annual net
inflow to Melbourne’s four major harvesting reservoirs
fluctuated around a long-term average of 615 GL per year
(GL = 109 L) (blue line in Figure 2A). After 1997, reduced
precipitation associated with the drought caused annual net
inflow to drop to approximately 390 GL/year, a 37% decline
relative to the long-term average (red line in Figure 2A). Even

after the Millennium Drought ended in 2010, annual net inflow
remained below its long-term average, due to the impacts of
prolonged dry conditions and fire damage to forested
catchments.5 The Millennium Drought also reduced average
inflow during the critically important normally wet months of
October to December (Figure 2B), causing the volume of water
stored in Melbourne’s reservoirs to drop by 64%, from 1700
GL in October of 1996 to 611 GL in October of 2009, an
average rate of decline of over 90 GL per year (Figure 2C). Had
this trend continued past 2008, the city’s reservoirs could have
dried up in less than seven years.

■ MUNICIPAL DEMAND DURING THE MILLENNIUM
DROUGHT

Approximately one-half to three-quarters of Melbourne’s water
supply is used to satisfy municipal demand, which includes
water for residential, commercial, landscaping, and agricultural
activities within the urban and peri-urban areas of the city.
During the Millennium Drought, municipal demand declined
25%, from a predrought average of 40 GL per month to a
postdrought average of 30 GL per month (Figure 2D). Because
the Greater Melbourne area population increased from 2.87 to
4 million over the same period,1 the per capita municipal
demand declined 46% over 12 years, from 458 to 246 L per
person per day.
What accounts for this precipitous decline in municipal

demand? In general, a city subjected to drought conditions can
use its drinking water more effectively through a number of
complementary approaches.9 Here, we focus on four
approaches that worked well in Melbourne: public education
campaigns, restrictions on water use, substitution targets, and
water pricing.

Public Education. Public education was perhaps the most
effective tool government agencies adopted to reduce municipal
demand during the drought. The Victorian Government and

Figure 1. Drinking water supply system for Melbourne, Australia. Most of the drinking water comes from protected catchments located in the
mountains, which drain into four major harvesting reservoirs (Thomson, Upper Yarra, O’Shannassy, Maroondah) and six other harvesting reservoirs
(Tarago, Yan Yean, Silvan, Greenvale, Cardinia, Sugarloaf). Recent water supply augmentation schemes include a pipeline that transfers water to
Melbourne from the Goulburn River (North−South or Sugarloaf Pipeline) and the largest desalination plant in the Southern Hemisphere
(Wonthaggi Desalination Plant).

Environmental Science & Technology Feature

dx.doi.org/10.1021/es400618z | Environ. Sci. Technol. 2013, 47, 10727−1073410728



the Melbourne water industry broadcast water storage levels on
TV, radio, and print news services, and installed billboards that
summarized the latest water storage data, weekly rainfall and
inflows, and provided advice on how to save water. Education
extended to commercial and industrial water users as well, with
water authorities assisting major water users to develop water
conservation plans.
Restrictions. Together with the State of Victoria,

Melbourne developed clearly delineated water restriction
plans.10 For residential areas, these start at Level 1 (minor
restrictions on garden watering) and progress to Level 4 (no
outdoor water use at all). In addition to mandatory restrictions,
Victorians were urged to respect a voluntary target of 150 L
water consumption per person per day, for example by
showering no longer than 3 min, capturing rainwater from
roofs for toilet flushing and gardening, and using gray water
from sinks for gardening.9 Reported compliance with both
mandatory and voluntary restrictions was very high.11 For
industrial and commercial water users, the Victorian govern-
ment introducedWaterMAP, which required each major user to
set water conservation targets and to report on them as part of
annual reporting requirements.12 Deliveries of water for
agricultural use also decreased during the drought, causing a
decrease in crop yields.4

Substitution Targets. The Victorian government set a
statewide target to reuse 20% of all wastewater inflows to its

treatment plants by 2010; this was exceeded, with 24.1% of
wastewater inflows recycled by 2009/10 (22.8% in Melbourne
alone).13 By 2010, the city was also capturing and reusing large
volumes of stormwater and rainwater.14 These together
provided an additional 10 GL, or approximately 3% of
Melbourne’s annual municipal demand. Critical to such
ambitious reuse was tight regulation around water quality and
protection of public health. The Victorian Department of
Health is charged with managing public health risks associated
with reuse, and it does this through aligning its approval
process to both State and Federal guidelines. There has been
much activity at both levels of government, such that virtually
all reuse options are covered by quite specific and
comprehensive guidelines, including those for recycled water
use in general,15,16 on-site reuse,17 recycled water dual-pipe
(third-pipe or purple-pipe) developments,18 direct stormwater
reuse (including roof water),19 and managed aquifer recharge
with recycled and stormwater.20

Pricing. Water prices rose during the Millennium Drought,
including the introduction of a 5% “environmental levy” and
the modification of the block tariff price structure from two- to
three-tiers. These changes had the dual objective of signaling
the scarcity of water and of helping pay for the major
investments in water substitution and supply augmentation
described.

Figure 2. Water budget for the Greater Melbourne Region. Annual net inflows (inflow minus evaporation from the reservoirs) to the four major
harvesting reservoirs for the past 100 years (Panel A). Monthly time series of total net inflow to the water system (Panel B), total stored water (Panel
C), municipal consumption (Panel D), and environmental releases via outlet structures or spills (Panel E) for the past 17 years, including the
Millennium Drought (1997−2010). Data for Panels A, C, D, and E provided by Melbourne Water; monthly total net inflows (Panel B) calculated by
volume balance.

Environmental Science & Technology Feature

dx.doi.org/10.1021/es400618z | Environ. Sci. Technol. 2013, 47, 10727−1073410729



■ ENVIRONMENTAL RELEASES DURING THE
MILLENNIUM DROUGHT

Environmental Releases are the other major “consumer” of
water resources in Melbourne. During the Millennium
Drought, riverine and riparian ecosystems downstream of
water diversions suffered from significant streamflow reduc-
tions.21 Melbourne has ten water supply reservoirs and several

diversion weirs on tributary streams that reduce streamflows
across the Yarra Catchment and in neighboring Thomson,
Goulburn, and Tarago Rivers from which water is diverted to
Melbourne via interbasin transfers (Figure 1). In October 1996,
all of the main reservoirs were close to full, and an average of 29
GL/month was released to the environment (Figure 2E;
environmental releases include flow through outlet structures
and spillways). While it took several years for the Millennium

Figure 3. Pollutant removal, retention, and transformation processes in low-energy treatment systems. Constructed wetlands (Panel A): within the
sedimentation zone, sedimentation, screening, and photolysis remove particles, while sunlight breaks down pollutant molecules through hydrolysis
and kills bacteria through UV disinfection. Within the sediment, biogeochemical processes, such as denitrification, remove nitrogen, while
phosphorus and metals are removed through sorption and the formation of insoluble minerals. Plants enhance these processes through the input of
both organic carbon and oxygen into the sediment. The dominant flow pathway is horizontal with a gradient in redox potential occurring between
the sediment and water. Biofiltration systems (Panel B): within the ponding zone, processes such as sedimentation and adhesion to plants remove
particles. Physical screening and chemical adsorption in the filter media play important roles (particularly for phosphorus, heavy metals and
pathogens), while the combination of plant roots, microbes, and soil media support plant and microbial uptake of nutrients, along with the
transformations and potential removal of nitrogen through denitrification.
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Drought to affect environmental releases, by 1999 they
dropped 66% to an average of 10 GL per month (Figure
2E). These low environmental releases persisted for a full
decade following 1999. Environmental releases were reduced in
both absolute terms and as a proportion of inflows, and both
seasonal and event-based variations in flow were similarly
attenuated. The disproportionate impact of the Millennium
Drought on streamflows in regulated rivers has also been
observed across the Murray-Darling Basin in southeastern
Australia.21,22

In an ironic twist, the Millennium Drought coincided with
the implementation of national water reforms, which produced
legally mandated environmental entitlements that require
increasing environmental releases to the major rivers impacted
by Melbourne’s water supply. Because these mandated
increases coincided with Stage 3 water restrictions in
Melbourne, the new environmental entitlements were
suspended from the time of their publication in 2007 until
Melbourne’s water restrictions eased in 2009/10.23 The
Victorian Government estimated that the suspension of
environmental entitlements provided an additional 148 GL of
water (or five months supply) for Melbourne, avoiding the
need to introduce more severe (Stage 4) water use
restrictions.24

When the Millennium Drought ended, environmental
releases increased with inflows; in particular, in the two years
following the end of the drought (2011 and 2012), environ-
mental releases averaged 21 GL per month (Figure 2E). By the
end of 2012, however, environmental releases were still less
than predrought levels, despite the implementation of environ-
mental water entitlements. Reduced storage levels, and
infrastructure or operational changes implemented during the
drought, may have contributed to the persisting effect of the
drought on downstream flows.

■ THE LAST FRONTIER: CAPTURE AND REUSE OF
STORMWATER RUNOFF

Looking forward, Melbourne hopes to become a world leader
in the capture and reuse of stormwater runoff, one of the last
untapped sources of water available to the city.14 While most
projects are still in planning stages, with 57 estimated to be in
operation by 2015,14 there have already been a few schemes
successfully commissioned, such as the first stormwater third-
pipe residential development, Avenview, in eastern Melbourne.3

To put the potential of stormwater reuse in perspective,
Melbourne’s municipal demand in 2010 (356 GL) is
significantly less than the average annual volume of stormwater
runoff generated by the city (463 GL).14 Stormwater reuse can
take many forms, with different energy requirements (e.g., for
treatment), human and ecosystem health implications, and
economic and social considerations. Broadly speaking, low-
energy stormwater reuse schemes work by (1) capturing water
before it becomes contaminated by contact with the urban
landscape; (2) relying on low-energy processes for removing
contaminants; and (3) treating water only to the extent
necessary for its intended use. Residential irrigation from
rainwater tanks satisfies the first and last criteria, by capturing
runoff from relatively less-polluted surfaces (e.g., roofs25)
before it comes into contact with the broader urban landscape
and by using the water for a quality-appropriate activity.
Stormwater wetlands and bioretention (also referred to as
biofiltration) systems can be effective for the treatment of
stormwater for nonpotable uses, or for pretreatment upstream

of more traditional treatment technologies (Figure 3).
Wetlands have commonly been used for stormwater harvesting
and pretreatment, for example prior to storage and subsequent
recovery in aquifers.26 Bioretention systems, which filter water
through a planted soil or sand-based media, are a newer
approach. They are easily integrated into the urban landscape at
a range of scales and can remove sediment, nutrients, and heavy
metals typically present in urban runoff.2,27

Stormwater reuse also comes with many potential ecosystem
benefits, such as the opportunity to restore predevelopment
flow regimes and retain nutrients and pollutants in a catchment.
Capturing, retaining, and treating runoff, rather than facilitating
its rapid delivery to streams, can effectively ‘disconnect’
impervious areas from receiving waters, thus returning
frequency, magnitude, timing, and quality of streamflows to
more natural levels (e.g., ref 28). This approach is consistent
with the ‘natural flow paradigm’, which aims to restore
ecologically important aspects of the hydrograph to a
predevelopment state.29 Stormwater retention and treatment
systems should be designed to mimic natural retention capacity
prior to development 30 and to ensure that they allow infiltrated
or filtered flows to the stream to support predevelopment
baseflow conditions, whether perennial or ephemeral. In
retaining water within low-energy retention and treatment
systems, urban soil moisture is also restored, with potential
benefits for the urban microclimate.31 These approaches
mitigate channel modification due to erosion (with its
ecological, social and economic impacts), minimize flooding,
and help protect sensitive taxa such as amphibians.9

■ BIG-PICTURE LESSONS AND FUTURE
CHALLENGES

Melbourne’s experience has shown that a severe water shortage
can drive behavior change,32 especially when water storage
levels are communicated to the public.33 A major challenge,
however, will be to keep long-term consumption low because
there is evidence that per capita water use in Melbourne is back
on the rise.34

Despite literature dating back decades showing that urban-
ization increases runoff volumes,35 the scientific community has
taken a surprisingly long time to recognize the environmental
benefits of stormwater harvesting. This situation has been
rectified, however, and scientific frameworks are now available
for estimating the volume of water that should be harvested in a
given catchment, to both satisfy reasonable levels of water
demand and return urban watersheds to a more natural flow
regime.36

A clear lesson from the implementation of wastewater
recycling and stormwater harvesting in Melbourne has been the
integration of centralized and decentralized solutions. Decen-
tralized solutions increase resilience and adaptability,37−39

although Hughes et al. 40 showed that the centralized
governance arrangements in Australia allowed setting region-
wide performance targets (e.g., the percentage of wastewater
recycling), which are more difficult to achieve under weak
centralized control. The challenge is to balance these two
approaches, particularly when retrofits of areas that have already
been developed are required.41,42

Finally, water substitution, such as stormwater harvesting and
wastewater reuse, can present a potential risk to human and
ecosystem health. Establishing a sufficient number of treatment
barriers and adequate real-time monitoring is necessary to
ensure that the water produced is consistently suitable for its
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intended end use, despite the inherent variability at the point of
harvesting,43 and to demonstrate that centralized and
decentralized treatment schemes pose small chemical or
microbiological risks.44 Developing a regulatory framework
that encourages water substitution and minimizes human health
risk is therefore a critical challenge. This framework also needs
to clarify rights to substitute sources, since a lack of security
over water entitlements will hamper private investment in such
schemes.

■ PARALLELS TO WATER SCARCITY IN THE
SOUTHWEST U.S.

Lessons from the Millennium Drought in Southeast Australia
invite at least four comparisons with the experience of water
scarcity in the Southwest U.S. First, the Southwest U.S. has
long experienced chronic water scarcity and highly variable
water availability.45 Unlike Southeast Australia, however, it has
experienced more dramatic population growth, which has
strained water supplies46,47 and sparked the adoption of
reforms. This led to improvements in the water infrastructure,
as well as institutional innovations to cushion the region against
endemic water conflicts.
Throughout the 20th Century, water supply infrastructure

was funded mostly by the federal government. Major dams
authorized by Congress ensured that portions of the upper and
lower Colorado basins could provide dependable supplies as
well as flood control and hydropower for many of the region’s
cities, and for irrigated agriculture in California’s Imperial and
Central Valleys, Central Arizona, Utah, and New Mexico.48−52

In addition, laws and policies favoring senior appropriators
were passed by states, and water markets permitting transfers to
higher-valued uses were established.45,46,53 These innovations
focused largely on augmenting supply and only rarely on
attenuating demand or encouraging more efficient water uses.
Second, since the 1970s, proactive municipalities in the

region have adopted additional innovations in response to
chronic drought. They introduced tiered pricing, promoted
metering, provided incentives for drought-tolerant landscaping,
created aggressive public outreach programs, and mandated
water appliance standardscomplementing measures adopted
in the region’s agriculture sector, including drip irrigation and
water accounting systems.53−55 These innovations were
introduced unevenly within the region, however, and
enthusiasm for their adoption often waned after drought ended.
Following severe droughts in 1976−7 and the early 1990s

increasing block rate pricing schemes were introduced in
coastal and near-coastal communities in California. At the same
time, fast-growing inland desert regions in the Mojave Desert
and the Sonoran Desert’s Coachella Valley, adopted mandatory
drought-tolerant landscaping on public properties while
encouraging residential landscaping replacement programs
inspired from successful models in neighboring states (e.g.,
Las Vegas, Nevada, or Tucson, Arizona). Following the end of
the early-1990s drought, however, further impetus for adopting
increasing block rates pricing structures and other innovations
declined.55

Third, unlike Southeast Australia’s exemplary interagency
and interjurisdictional collaboration, the Southwest U.S. has
traditionally experienced fragmentation and competition in
water management. Recent years have witnessed improved
cooperation, especially for identifying the information decision-
makers need to avoid disruptions, fostering communication

between scientists and water managers,56,57 and enhancing
coordination among local jurisdictions within states.
In California, for instance, where water marketing has long

been practiced, the state legislature encouraged, after the late
1970s drought, greater marketing to reduce scarcity, modify
long-term demand patterns, and acquire water for environ-
mental needs.58−60 An emergency drought water bank was
established, and in 1992, Congressional action gave impetus for
using water markets to protect in-streamflow.61 In Arizona, the
introduction in 1980 of a novel Groundwater Protection Act
compelled interjurisdictional local cooperation to better
allocate limited groundwater in response to urban growth,
and encouraged aquifer recharge through use of reclaimed
wastewater. The Act furthered intergovernmental collaboration
by establishing integrated groundwater management protection
areas extending across entire metropolitan areas.62

Fourth, while numerous lessons from Southeast Australia’s
experience are relevant to the Southwest’s drought-adaptation
efforts, constraints in applying them abound. One critical set of
lessons emerges from Melbourne’s public engagement process
associated with its integrated water-cycle management efforts.
The foremost of these are the concerted efforts to help establish
a culture promoting community-level engagement in identify-
ing, prioritizing, and implementing supply- and demand-side
water management options including off-stream catchment,
reducing household water use, incorporating plans for using
low-quality treated water for nonpotable needs, capturing
stormwater runoff through biofiltration, and reclaiming waste-
water. The visioning effort associated with this process
encouraged bottom-up collaboration among stakeholders,
enhanced social learning among the public regarding the
severity of drought, and helped generate a broad public
consensus, which, in turn, empowered city officials to embrace
a wide and diverse range of vetted strategies.63

Like Southeast Australia, the Southwest U.S. is subjected to
recurring cycles of drought and faces increasing weather
variability (e.g., ref 57). Given dire long-term drought
projections, conservation and reuse appear inevitableand
are becoming increasingly acceptablefor improving supply
reliability and meeting in-stream and societal needs.64,65

However, while some Australian strategies may appear
attractive, U.S. water management traditions, which are
especially pronounced in the Southwest, make adoption of
these reforms difficultif not impossible. Impediments include
fragmented authority for water management scattered among
numerous jurisdictions and agencies, institutional conservatism
resistant to innovation, and top-down agency-driven agendas
that discourage broad-based public engagement.63 In short,
while enhanced coordination has occurred, more local-scale
engagement and visioning remain future challenges.
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