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EDITOR'S NOTE:

This article is part of the special series “Ecological consequences of wildfires.” The series documents the impacts of large-
scale wildfires in many areas of the globe on biodiversity and ecosystem condition in both terrestrial and aquatic ecosys-

tems, the capacity for systems to recover, and management practices needed to prevent such destruction in future.

Abstract

The 2019/2020 Australian bushfires (or wildfires) burned the largest forested area in Australia's recorded history, with major
socio-economic and environmental consequences. Among the largest fires was the 280000 ha Green Wattle Creek Fire,
which burned large forested areas of the Warragamba catchment. This protected catchment provides critical ecosystem
services for Lake Burragorang, one of Australia's largest urban supply reservoirs delivering ~85% of the water used in Greater
Sydney. Water New South Wales (WaterNSW) is the utility responsible for managing water quality in Lake Burragorang. Its
postfire risk assessment, done in collaboration with researchers in Australia, the UK, and United States, involved (i) identifying
pyrogenic contaminants in ash and soil; (ii) quantifying ash loads and contaminant concentrations across the burned area;
and (iii) estimating the probability and quantity of soil, ash, and associated contaminant entrainment for different rainfall
scenarios. The work included refining the capabilities of the new WEPPcloud-WATAR-AU model (Water Erosion Prediction
Project cloud-Wildfire Ash Transport And Risk-Australia) for predicting sediment, ash, and contaminant transport, aided by
outcomes from previous collaborative postfire research in the catchment. Approximately two weeks after the Green Wattle
Creek Fire was contained, an extreme rainfall event (~276 mm in 72 h) caused extensive ash and sediment delivery into the
reservoir. The risk assessment informed on-ground monitoring and operational mitigation measures (deployment of debris-
catching booms and adjustment of the water supply system configuration), ensuring the continuity of safe water supply to
Sydney. WEPPcloud-WATAR-AU outputs can prioritize recovery interventions for managing water quality risks by quantifying
contaminants on the hillslopes, anticipating water contamination risk, and identifying areas with high susceptibility to ash and
sediment transport. This collaborative interaction among scientists and water managers, aimed also at refining model
capabilities and outputs to meet managers' needs, exemplifies the successful outcomes that can be achieved at the interface
of industry and science. © 2021 The Authors. Integrated Environmental Assessment and Management published by Wiley
Periodicals LLC on behalf of Society of Environmental Toxicology & Chemistry (SETAC).
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Major wildfires are common in the eucalypt-dominated
forests of Eastern Australia, one of the world's most fire-
prone forest ecosystems (Bradstock et al., 2012). The 2019/
2020 fire season, however, was unprecedented in recorded
history, burning 21% of this temperate broadleaf and mixed
forest biome instead of the ~2% that typically burns in a
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severe fire season (Boer et al., 2020). The fires killed
34 people and destroyed nearly 6000 buildings, leading to
unprecedented challenges and costs to the economy and
public health (Johnston et al., 2020; Lal et al., 2021).

The 2019/2020 bushfires also posed a major threat to key
ecosystem services such as the provision of clean water.
Following fire, the loss of vegetation and ground cover, as
well as changes to soil physicochemical properties, can
substantially increase surface runoff and soil erodibility
(Robichaud et al.,, 2000; Shakesby, 2011; Shakesby
& Doerr, 2006). In addition, ash produced by fire provides
an additional layer of highly erodible material in burned
areas. Wildfire ash is a mixture of pyrogenic organic and
inorganic materials rich in nutrients and potential con-
taminants (Bodi et al., 2014). Following rainfall, eroded soil
and ash pose a considerable contamination risk to water
bodies, including water supply reservoirs (Smith
et al., 2011). Nutrients in ash and eroded soil can promote
algal blooms that release toxins and affect treatment proc-
esses; metals can generate odor, taste, and toxicity issues;
and dissolved organic compounds can affect treatment ca-
pabilities and induce formation of carcinogenic by-products
(Hohner et al., 2019). This risk is exacerbated by the effects
of climate change, not only in the wake of increases in fire
occurrence and severity, but also in the size and intensity of
rainstorms that transport ash and soil into water bodies
(IPCC, 2014; Martin, 2016; Nunes et al., 2018).

The 2019/2020 wildfires hit New South Wales particularly
hard, burning a total 53 000 km? of the state. The burned
area affected 35% of the 9050 km? Warragamba catchment
that surrounds Sydney's main drinking water reservoir, Lake
Burragorang. This caused major concerns about the viability
of maintaining the supply of clean water to the Greater
Sydney region (Hannam, 2019; Visentin et al., 2019).
Collaborative work on the impacts of previous fires between
the catchment managers and researchers has provided
valuable insight into soil erosion processes (e.g., Shakesby
et al.,, 2007), ash and soil chemical composition (Santin
etal., 2015), and the relationship between burn severity and
the amount of ash produced (Chafer et al., 2016). However,
critical gaps remained in the ability to predict the transport
of ash, soil, and associated contaminants in them to the
lake in this vast catchment following this extensive fire.
Predictive tools and procedures are needed to quantify and
locate risks to water quality and, so, support managers to
more effectively prepare for and mitigate water con-
tamination. In this article, we report on the challenges and
successes of collaborative efforts between local water
managers and researchers in Australia, the UK, and United
States to address these knowledge gaps in the first critical
months after the fire and to develop strategies for
responding to future fire events.

THE WARRAGAMBA CATCHMENT AND THE
GREEN WATTLE CREEK FIRE

Lake Burragorang is the largest raw water supply reservoir
servicing Greater Sydney (>5 million consumers). At 52 km in

length and 2027 Gl capacity, it is impounded by the
Warragamba Dam and collects water from its 9050 km?
catchment (Figure 1). Within the Warragamba catchment
lies the restricted-access Special Area, which protects ap-
proximately 2600km? of largely undisturbed native
eucalypt-dominated medium woodlands and medium open
forests (NVIS Technical Working Group, 2017) adjacent to
Lake Burragorang (Figure 1). The Warragamba catchment
experienced intensive drought conditions from 2017 to
2019 (Bureau of Meteorology, 2020), which resulted in a
drawdown of Lake Burragorang to 43% capacity by
November 2019 (Supporting Information Figure S1).

Dry lightning ignited the Green Wattle Creek Fire on
27 November 2019 in the Warragamba Special Area. By
4 January, the fire had burned ~2700 km? and expanded
north, south, and east to envelope the area around Lake
Burragorang. Although small portions of the catchment had
previously experienced wildfires in 2006 and hazard reduc-
tion burns from 2003 to 2020 (NSW National Parks and
Wildlife Service, 2020), the fuel accumulated before the fire
was substantial (Boer et al., 2020). By 30 January 2020, the
Green Wattle Creek Fire was declared “contained” after
burning most of the Special and Controlled areas of the
Warragamba catchment (~2800 km?; Figure 1).

The Warragamba catchment received two major rainfall
events during and shortly after the Green Wattle Creek Fire.
An initial six-day event between 16 and 21 January yielded
35mm total rainfall across the catchment, and a 30-year
recurrence interval rainfall event spanning three days,
7-9 February, yielded an average of 276 mm across the
Warragamba forested Special Areas. These events resulted
in ~800 000 MI of inflows into Burragorang Lake and dou-
bled pre-storm storage levels (Supporting Information
Figure S1). These inflows transported large amounts of ash,
eroded soil, and associated contaminants that generated
plumes in the lake and affected water quality (Figure 2).

CHALLENGES AFTER THE FIRE: THE CATCHMENT
MANAGER'S RESPONSE

The scale of the Green Wattle Creek Fire was un-
precedented in the Warragamba catchment and presented
Water New South Wales (WaterNSW), the utility responsible
for managing risks caused by the fire to raw water quality in
Lake Burragorang, with several water quality and opera-
tional challenges. The fire damaged hydrometric gauges
and smoke blanketing disrupted communications from the
vertical profiler systems (VPS) aimed at monitoring water-
flow rate and quality in depth at Lake Burragorang and its
inflows. The in-lake system outages lasted less than 24 h;
however, access to the catchment was restricted for several
weeks after the fire owing to safety risks from falling trees.
These restrictions delayed repairs to damaged equipment
on inflowing streams and precluded on-ground inspections
to assess erosion risk. This delay limited information on in-
coming inflows and water quality, reducing the capacity to
anticipate poor water quality encroaching on the dam wall.
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FIGURE 1 Lake Burragorang and the Warragamba Special and Controlled Areas in relation to the Green Wattle Creek Fire extent

These challenges were compounded by the extremely
short (2-week) time between containment of the fire and
the 30-year rainfall event. Immediately before this event,
WaterNSW enacted its standard “incident response”
procedure for forecasted high rainfall events, including
the formation of an incident management team to closely
monitor water quality during the event, coordinate op-
erational responses, and communicate with the water

treatment customer and the state public health regulator.
Restoring communications with the in-lake VPSs was pri-
oritized, because this instrumentation was critical to
tracking the inflowing sediment plume as it traveled to-
ward water intakes. Extensive monitoring of incoming
water quality, close communication with water filtration
plants, and flexibility in the supply system in the form of a
multilevel offtake and alternative raw water source
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FIGURE 2 Example of areas burned at high (A) and low (B) severity, erosion evidences with pedestals after the 30-year rainfall event in the Warragamba
catchment (276 mm in 3 days; C), ash deposition in flat areas after the torrential rain (D), view of the Burragorang Lake after the torrential event (E), and booms
containing debris after the 30-year torrential event (F). Pictures taken 45 days after the fire

selection were also essential to maintaining the raw water
supply. The soil erosion model RUSLE (Renard et al., 1997)
was used to identify subcatchments at high risk to surface
erosion and priority areas for monitoring and inspecting
soil erosion impacts (Yang et al., 2020). However, this
model lacks capabilities to simulate ash and associated
contaminant transport and delivery to the lake, limiting its
utility in predicting water quality impacts and in sup-
porting the design of effective mitigation measures such
as stabilization treatments for hillslopes (e.g., seeding,
erosion barriers, mulching) and channels (e.g., dams,
grade stabilizers, debris basins, bank armoring; Ro-
bichaud et al., 2000).

Additional measures undertaken beyond the standard
response to address water quality risks from the fire in-

cluded:

Booms deployed across the main body of the lake to
reduce the accumulation of debris at the dam wall near
water intakes (Figure 2).

Additional monitoring for specific pyrogenic con-
taminants identified by the risk assessment, including
additional metals, cyanide, and polycyclic aromatic hy-
drocarbons (PAHSs).

Increased resolution for water quality monitoring to track
and characterize inflows, extending to upper catchment
regions, and conducted at daily to twice-weekly
intervals.

An assessment of contaminant release and water quality
impacts from fire-related floating debris to identify on-
going risk and possible management actions.

Sampling of benthic surface sediment cores at four re-
gions from the upper catchment to the dam wall,
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providing insight into the settled ash chemical compo-
sition, distribution, and risks of resuspension and release
of potential contaminants.

The standard measures undertaken ensured that the on-
going supply of safe drinking water to Sydney was maintained
throughout and after the fire event. However, this chain of
extreme events, the unprecedently large fire in the catchment
and the subsequent 30-year rainfall event, uncovered several
knowledge gaps regarding current capabilities to predict, and
inform on, potential impacts of contaminants in ash and
eroded soil on water quality. The identification of these
knowledge gaps drove a science-industry collaboration
aimed at making ash and related contaminants part of the
equation when evaluating water contamination risks after
wildfires. The main objective of this collaboration was to re-
fine tools to predict soil, ash, and contaminant transport so
they provide useful information to water managers to design
tailored response measures that complement the current
standard response procedures.

SCIENCE-INDUSTRY COLLABORATION
TO DEVELOP TOOLS TO PREDICT WATER
CONTAMINATION RISK FROM WILDFIRE ASH

A framework for evaluating water contamination risk after
wildfires

Anticipating and quantifying fire-induced risks from soil
and ash erosion to water assets that support the design of
effective mitigation and response actions require: (i) identi-
fying potential pollutants in ash and soils in the catchment
that can threaten water quality and (ii) understanding, and
(iii) predicting how those pollutants can be transported into
the water. Based on these three key components, a frame-
work for evaluating postfire water contamination risk has
recently been developed (Nunes et al., 2018), which has
already been adopted by the Water Services Association of
Australia (Canning et al. 2020). The framework provides a
tiered solution to support water contamination risk assess-
ments before, during, and after wildfires and, thus, assists in
identifying mitigation opportunities at each of those stages
and in designing effective strategies to reduce risk and
protect water quality.

Previous studies in the area

Previous collaborative work between Swansea University
and WaterNSW produced datasets on the contaminant
content in ash and burned soil resulting from fires in this
ecosystem. Contaminant data were collected following
the 2013 Balmoral Fire, which affected another of the
WaterNSW's catchments, and from a research burn in the
Warragamba catchment in 2014 (Santin et al., 2015, 2018).
This previous collaboration provided likely ash loads under
different burn severities (Chafer et al., 2016). Applying these
outputs to the Green Wattle Creek Fire allowed the (i) es-
timation of ash distribution and loads from remote sensing
observation based on the differential Normalized Wildfire

Ash Index (dNWAI) developed after the 2013 fire, and (ii)
identification and quantification of potential pollutants in
both ash and burned soils. These two outcomes informed
WaterNSW of the potential impacts of ash on water quality
by identifying contaminants of concern on the hillslopes
while laying the foundations for the development of tools to
predict water contamination risk from soil and ash.

Predicting soil, ash, and associated contaminant transport
after wildfires: The WEPPcloud-WATAR tool

The WEPPcloud-WATAR tool (Water Erosion Prediction
Project cloud model—Wildfire Ash Transport And Risk
estimation tool) has been under development since 2017 by
a research team from the UK, the United States, and
Australia (Neris et al., 2017). It predicts the probability of
both ash and soil, and the potential pollutants in them, to be
delivered from burned hillslopes into stream channels
and water bodies. The WEPPcloud-WATAR tool is powered
by the well-established Water Erosion Prediction Project,
WEPP, model (Laflen et al., 1997), enhanced with the in-
corporation of channel hydrology and sediment routing
routines (Wang et al., 2010, 2014). Its main advantage over
other widely used erosion models such as USLE (Wischmeier
& Smith, 1978), RUSLE (Renard et al., 1997), MMF
(Morgan, 2001), SWAT (Neitsch et al., 2011), KINEROS2
(Smith et al., 1995), or PESERA (Kirkby et al., 2008) is that it
can simulate transport not only of soil, but also of ash and
pollutants contained in them, from the hillslopes. These
enhanced capabilities provide much more comprehensive
probabilistic and spatially distributed predictions of water
contamination risk to water assets than other models do
(Table 1; Figure 3). The model also automates the acquis-
ition and processing of input data (climate, elevation, soil,
and land management information, as well as ash compo-
sition; see previous studies in the area section) from avail-
able datasets, which substantially simplifies its application
and reduces the time needed to produce simulations.

The WEPPcloud-WATAR tool has specific online inter-
faces for Australia (WEPPcloud-WATAR-AU), the United
States (WEPPcloud-WATAR-US), and Europe (WEPPcloud-
WATAR-EU; https://wepp.cloud). The WEPPcloud-WATAR-
AU tool was deployed for the first time after the Green
Wattle Creek Fire. It benefited substantially from the col-
laborative science-industry interaction that was already in
place. The specific needs expressed by water managers in
predicting water contamination risks from soil and wildfire
ash supported the development of new model capabilities
and outputs (presented as model upgrades in the following
sections and Figure 3).

The Green Wattle Creek Fire: A test bench to improve the
capabilities of the WEPPcloud-WATAR tool

Immediately after the fire, a main concern of WaterNSW
managers was to determine the amount of ash and asso-
ciated contaminants within the burned area. An ash load
map obtained using the previously developed dNWAI
model (Chafer et al., 2016) and datasets on ash and soil
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and sediment transport and routing (Srivastava et al., 2018),
which increase in importance with catchment size (Kampf
et al., 2020). As catchment size increases, stream processes
become more dominant, and runoff-erosion models become
more reliant on sediment and ash transport models. The
accuracy of sediment transport models is challenging
(Vanoni, 2006), ash transport models for channels do not
currently exist, and spatial variability in precipitation, vege-
tation, and soil burn severity interactions further confound
postfire large catchment modeling.

Driven by the managers' need to know the amount of
soil, ash, and associated contaminants that could have
reached the lake from the 30-year rainfall event that
followed the fire, capabilities to obtain predictions for actual
single rain events were added (upgrade 4 in Figure 3). This
update provided, for the first time, modeling capabilities
to produce such near real-time predictions (Figure 4).
The model produced this type of information for each
subcatchment that flows into the lake, allowing for rapid
response measures such as deployment of containment
booms in identified critical inflowing streams (Figure 2).
The simulations for this event confirmed the worst-case
scenario predicted in the initial step where 2.6 million tons
of ash together with 0.3 million tons of soil with their asso-
ciated contaminants were washed off the hillslopes and
potentially reached the lake (Figure 4). An exploratory field
survey after the torrential rain event confirmed that most of
the ash had indeed been washed off the hillslopes and
major soil erosion had occurred (Figure 2). The estimated
average sediment yield obtained for the whole catchment
for the 30-year rainfall event was 102 T/km?. This prediction
was similar in magnitude to the sediment yield estimated by
Blake et al. (2009) for a series of rainstorms of slightly less
intensity (230 mm in 15d with a 63 mm in 24 h event) that
occurred after the Christmas 2001 bushfire that burned parts
of the Warragamba catchment (58 + 25 T/km?). It has not,
however, been possible to validate model outputs for this
event regarding soil, ash, and related contaminant delivery
to the lake owing to the lack of independent monitoring
data from rivers and lakes caused by the damage to the
hydrometric monitoring systems previously described. An
erosion monitoring program using erosion plots (hillslope
scale) and flow and water quality measurement (catchment
scale) in the burned area and after future fuel reduction
burns has been initiated by WaterNSW in order to build a
new dataset to calibrate and validate the tool for this eco-
system.

In addition to this numerical quantification of risk to water
quality, WaterNSW highlighted the need for spatial pre-
dictions on which of the hillslopes could be the main sources
of ash, soil, and associated contaminants in the catchment
(i.e., hotspots). Although WEPPcloud is capable of providing
high-resolution spatial predictions of soil erosion, the new
tool (WEPPcloud-WATAR) incorporates predictions of ash
and related contaminant transport that allow the identi-
fication of soil erosion, ash, and contaminant transport
hotspots (upgrade 3 in Figure 3). This information was key to

effectively prioritizing critical areas and excluding stable
hillslopes when planning resource allocation for undertaking
assessment of priority areas for hillslope stabilization treat-
ments. Additionally, these spatial predictions were used to
guide the placement of installations for the recently initiated
erosion monitoring program.

CONCLUSIONS

The Green Wattle Creek Fire 2019, together with the
subsequent 30-year rainfall event in the Warragamba catch-
ment, had the potential to threaten the freshwater supply for
more than 5 million people in the Greater Sydney region.
Although the standard response activated by water man-
agers from WaterNSW effectively protected water quality
and ensured the supply of safe drinking water, the sequence
of events also uncovered several gaps in the ability to
quantify potential impacts of ash and associated con-
taminants on water quality. The fire event and subsequent
interaction between scientists and water managers was a test
bench to improve the capabilities of an end-user tool cur-
rently under development, WEPPcloud-WATAR, the first
model that predicts soil, ash, and contaminant delivery to
water bodies after fires. This new tool automates the ac-
quisition and processing of data, reducing the input data and
knowledge required from the end user, simplifying its appli-
cation, and reducing the response time. The modeling ex-
ercises conducted in collaboration with WaterNSW after the
Green Wattle Creek Fire promoted user-driven refinement of
model capabilities and the applicability of the outputs by
water managers. Building on previous work and upgraded
capabilities driven by managers' needs, the model is now
able to provide water managers with: (i) load and spatial
distribution of ash and related contaminants throughout the
burned area; (i) load of soil, ash, and potential contaminants
reaching water assets as a results of a single real rainstorm
and probabilities of water contamination by different pollu-
tants and recurrence intervals; and (jii) location of hotspots for
soil erosion, and ash and contaminant transport. These
model capabilities can now be used by land and water quality
managers to identify limitations in the water treatment ca-
pacity to manage the potential impacts of the identified
contaminants in both ash and soil, and to design tailored
mitigation and response measures to reduce immediate
and longer-term risks to water quality. The addition of
WEPPcloud-WATAR to WaterNSW's response for future fire
events increases managers' preparedness for fire-induced
risks to water quality. Future model-development needs o
include, for example, calibration and validation of the model
using data collected in erosion monitoring programs after
this and future fires in the same region and other fire-prone
areas, developing ash transport routines in channels to sim-
ulate entrainment, transport, and deposition processes, and
calculating precipitation needed to trigger the defined worst-
case scenario of ash and associated contaminant transport.
The upgraded version of the WEPPcloud-WATAR tool is
currently being tested while supporting water managers after
the extensive 2020 wildfires in Oregon (USA).
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