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Abstract: Water quality is a key consideration for urban stormwater harvesting via aquifers. This
study assessed catchment spill management options based on a calibrated dynamic wave routing
model of stormwater flow in an urban catchment. The study used measured travel times, pluviometer
and gauging station observations from 21 storms to calibrate a stormwater model to simulate
transport of pollutants from spill locations to the point of harvest. The simulations considered the
impact of spill locations, spill durations, storm intensities and storm durations on the pollutant
concentration at the point of harvest and travel time of a pollutant spill to the harvesting point.
During dry weather, spill events travelled slower than spills occurring during wet weather. For
wet weather spills, the shortest travel times tended to occur in higher intensity storms with shorter
duration, particularly when a spill occurred in the middle of the storm. Increasing the intensity
of rainfall reduced the peak concentration of pollutant at the harvest point via dilution, but it also
reduced the time of travel. On a practical level, due to the short response times in urban catchments,
management of spills should be supported by automated detection/diversion systems to protect
stormwater harvesting schemes.

Keywords: stormwater harvesting; catchment management; spill transport; managed aquifer
recharge; SWMM modelling; risk assessment

1. Introduction

Water quality is an important consideration in the harvesting and reuse of stormwater
for higher end uses such as drinking. Unlike traditional urban water supply systems
which tend to harvest water from protected rural catchments, urban stormwater harvesting
schemes collect water downstream of urbanised residential, commercial and/or indus-
trial catchment areas which are typically drained using engineered road-side gutters and
stormwater pipe networks. As a result, urban stormwater is potentially affected by both
point and diffuse sources of pollution which vary depending on several factors, particularly
land use [1–3]. Many of these systems have also been integrated with Managed Aquifer
Recharge (MAR) schemes for inter-seasonal storage [4,5]. For this reason, urban stormwater
harvesting schemes have adopted a variety of treatment mechanisms to improve water
quality including constructed wetlands [6] and biofiltration systems [7–9].

Risk-based water quality management guidelines [1,2,10] advocate that potential
hazardous events should also be considered. These hazardous events include accidents
such as tanker spills (chemical hazards) and sewer overflows (microbial hazards) which
can lead to a highly concentrated point-source of pollutants entering the harvesting system.
Hossain and Imteaz [11] reported that vehicular transport is the major source of spills to
the surface waters.
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There have been some studies investigating scenarios of hazard travel time in natural
drainage systems. For example, Rivord et al. [12] estimated the travel time of a pollutant
plume in the Truckee River in the United States which was at risk of spills due to its
proximity to roadways and rail corridors. The study was based on flow through a 103 km
natural channel and assessed the impact of tanker spills across a large catchment area.
Similar work was conducted for the Uberaba region of the State of Minas Gerais, Brazil,
where Siqueira et al. [13] reported that the soil type was a key parameter to watercourse
catchment vulnerability to contamination by road spills. By contrast there are few studies
which assess the travel time of pollutant spills in urbanised stormwater catchments with
subsurface drainage pipes [14]. Examples do exist—Sämann et al. [15] reported the use of
a model (HYSTEM EXTRAN 2D) to predict the travel path and travel time of contaminant
spills but scenarios were restricted to flash flood conditions only.

In the study reported here, we assess the potential impact of several scenarios and
estimate the time available to respond to a potential spill event in a stormwater catchment
for a harvesting scheme and the peak concentration. The key factors considered include:
(1) the travel time of the pollutant spill through the urban drainage network to the point of
harvesting; (2) the dilution of the pollutant during transport. It is intended that the pro-
posed methodology will be broadly transferable to other stormwater harvesting schemes
internationally. The PCSWMM model (www.pcswmm.com, accessed on 9 March 2021),
a commercial variant of the US EPA SWMM model, was selected for use in this study
to develop transport and dilution scenarios of pollutant spills. PCSWMM uses the same
algorithms as the US EPA SWMM model (Version 5.01) which has been widely applied for
modelling surface runoff processes and flow characteristics from urban catchments and
through pipes and channels [16–19]. The PCSWMM model can produce hydrographs at
short time steps (<1 min) and has been used in the limited available studies which examine
the travel time of pollutant spills within a catchment [14].

2. Materials and Methods

To examine hazardous event scenarios in an urban catchment, the travel time of spills
was determined under a variety of scenarios. A hydrological and hydraulic model was
constructed, calibrated and validated using observed stormwater flow data. This model
was then used to examine various plausible scenarios. The resulting travel times and
estimated pollutant concentrations were then used to identify scenarios which presented
higher risk at the point of stormwater collection as well as potential risk management
options to protect human health and the environment.

2.1. Study Site

The Parafield stormwater harvesting, and MAR scheme is operated by the City of
Salisbury, a local government in South Australia, Australia. The MAR scheme has been
detailed previously, with further information on stormwater quality hazards also identi-
fied [4,5,20,21]. The scheme is typical of many in Australia and harvests urban stormwater
from the Parafield catchment (Figure 1) and Cobbler Creek catchment which is adjacent
but not naturally connected to the catchment. The Parafield catchment is 1590 ha and
includes residential, commercial, industrial and rural living development. At the end of the
Parafield catchment (800 m downstream of the flow gauge marked on Figure 1), stormwater
is collected from an open drain via a diversion weir into the harvesting scheme. Runoff
from the adjacent 1017 ha Cobbler Creek catchment proceeds to a flood detention basin
located west of the pump station in Figure 1. Outflow from this basin is not hydrologically
connected to the Parafield catchment, but to increase harvestable volumes in the system
since 2010, a portion of the dam outflow is collected via pump, and transferred at a fixed
flow rate (~50 L/s, average value of measured flow rates) into the Parafield catchment
drainage system. Flows from the Cobbler Creek catchment are therefore a point inflow to
the Parafield catchment and are treated as such for the purposes of this study.

www.pcswmm.com


Water 2021, 13, 2865 3 of 17

Water 2021, 13, x FOR PEER REVIEW 3 of 17 
 

 

a fixed flow rate (~50 L/s, average value of measured flow rates) into the Parafield catch-
ment drainage system. Flows from the Cobbler Creek catchment are therefore a point in-
flow to the Parafield catchment and are treated as such for the purposes of this study. 

2.2. Hydrological Modelling 
Modelling of this catchment has been performed by Swierc et al. [22] and by Clark et al. 

[23] using daily hydrological models to assess contaminant risks and reliability of stormwater 
harvesting under climate change, respectively. However, these models gave inadequate tem-
poral resolution to determine likely effectiveness of intervention measures. 

 
Figure 1. Location of layout of the Parafield stormwater harvesting scheme, including higher risk pollutant spill locations 
adopted in this study. 

The layout and elevation of drainage system components was acquired from the local 
authorities (City of Salisbury) and imported into the PCSWMM model. Sub-catchments 
were then defined and their hydrological properties for SWMM modelling estimated 
based on the recommendations of the SWMM User Manual [24]. 

Observed rainfall data was applied to the model at a six-minute timestep based on data 
from two rainfall pluviometers, Gauge A and B (Figure 1). Gauge A (9.5 m elevation, 454 
mm mean annual rainfall) represents the Parafield Airport pluviometer operated by the 
Australian Bureau of Meteorology (Ref 023013). Gauge B (149.2 m elevation, 592 mm mean 
annual rainfall) represents the Little Para pluviometer, operated by the South Australia Wa-
ter Corporation (Ref A5040528). To capture rainfall variation across the catchment these rain 
gauges were assigned to sub catchments on the basis of elevation. All stormwater sub-catch-
ments located < 90 m elevation were represented by Gauge A while those with an elevation 
> 90 m elevation were represented by Gauge B. Observed flow data was available from a 

Figure 1. Location and layout of the Parafield stormwater harvesting scheme, including modelled pollutant spill locations
used in this study.

2.2. Hydrological Modelling

Modelling of this catchment has been performed by Swierc et al. [22] and by Clark et al. [23]
using daily hydrological models to assess contaminant risks and reliability of stormwater har-
vesting under climate change, respectively. However, these models gave inadequate temporal
resolution to determine likely effectiveness of intervention measures.

The layout and elevation of drainage system components was acquired from the local
authorities (City of Salisbury) and imported into the PCSWMM model. Sub-catchments
were then defined and their hydrological properties for SWMM modelling estimated based
on the recommendations of the SWMM User Manual [24].

Observed rainfall data was applied to the model at a six-minute timestep based
on data from two rainfall pluviometers, Gauge A and B (Figure 1). Gauge A (9.5 m
elevation, 454 mm mean annual rainfall) represents the Parafield Airport pluviometer
operated by the Australian Bureau of Meteorology (Ref 023013). Gauge B (149.2 m elevation,
592 mm mean annual rainfall) represents the Little Para pluviometer, operated by the South
Australia Water Corporation (Ref A5040528). To capture rainfall variation across the
catchment these rain gauges were assigned to sub catchments on the basis of elevation.
All stormwater sub-catchments located <90 m elevation were represented by Gauge A
while those with an elevation >90 m elevation were represented by Gauge B. Observed
flow data was available from a flow gauge (v-notch weir, SA Government ref A5041049,
Starflow Ultrasonic Doppler, Model 6526, Water Data Services Pty Ltd., Adelaide, Australia)
installed in the open drain at the end of the Parafield catchment (Figure 1). The weir
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reported the drain flow rate at a six-minute time step and calibration was conducted using
a six-minute timestep.

2.3. Model Calibration and Validation

The PCSWMM model of the catchment was developed based on stormwater pipe,
drainage pit, sub-catchment area, slope and imperviousness data provided Local Gov-
ernment (City of Salisbury). Calibration was undertaken by focussing on parameters
most critical to stormwater travel time and flow volume. This included the roughness of
the drainage pipe system, the reported percentage of impervious area, catchment width,
catchment surface roughness, depression storage and Horton infiltration parameters.

Through an experiment conducted in the field, time of travel for water through the
drainage system was determined by manipulating flow (a continuous flow rate of 50 L/s)
from the Cobbler Creek pump station (Figure 1) during a two-hour trial. The flow path along
the main drainage line from the Cobbler Creek pump was therefore able to be examined by
using the gauge at the end of the catchment, and by direct observation of flow through a pit
where flow was safely observed within the catchment. The times of travel were determined
to points 3550 m and 6810 m along the stormwater network. The latter is at the flow gauge,
which is an open channel 800 m upstream of the stormwater harvesting diversion point.

The properties of the PCSWMM hydraulic model were then adapted to match the
results of simulating this pumped flow without rainfall input. Based on these results,
conduit roughness was adopted uniformly across the catchment as 0.01, slightly lower than
the 0.011 to 0.015 range recommended for concrete pipes and channels by Rossman [24].

Calibration of the PCSWMM hydrological parameters was then undertaken based
on continuous simulation of runoff based on observed rainfall data. Simulated flows
were compared to measured flow data from the flow gauge at the end of the catchment
(Figure 1) collected between June 2003 and June 2005. Twenty-one storm events from this
time series were selected for calibration and validation and summarized in Table 1. These
events were selected to represent a range of peak flow rates (0.1 m3/s to 7.2 m3/s), flow
durations (6.5 h to 106 h) and seasons (i.e., occurrence of rainfall in drier ‘summer’ months
and wetter ‘winter’ months). Initial parameters for catchment surface width, roughness,
depression storage and Horton infiltration were selected based on recommendations for an
urbanised catchment with clay loam soils from Rossman [24]. The fitness of the model to
observed data was assessed using the Nash–Sutcliffe efficiency (r2, Equation (1)) statistic.
Calibration was considered complete when the simulated flow data for a majority of the
selected events presented a good fit with the observed flow rate data on a calibration plot,
and when the Nash–Sutcliffe calibration statistic r2 was found to be more than 0.7, a value
considered ‘good’ in a review of published fitting parameters by Moriasi et al. [25]. Further,
in accordance with the recommendations of the ASCE [26] for presenting data for single
event runoff simulation, the simple percent error in peak (PEP, Equation (2)) and the sum
of squared residuals (G, Equation (3)) were also determined.

r2 = 1 − ∑n
i=1(Oi − Pi)

2

∑n
i=1

(
Oi −

∼
O
)2 (1)

PEP =
Opeak − Ppeak

Opeak
× 100 (2)

G =
n

∑
i=1

(Oi − Pi)
2 (3)

where n represents the number of observed flow data; Oi represents the observed flow at

time i;
∼
O represents the mean observed flow over the period of the data; Pi represents the

predicted flow at time i; Opeak represents the observed peak flow during the event and Ppeak
represents the predicted peak.
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Table 1. Characteristics of events used for calibration and validation of the PCSWMM model and the fitness results.

No Date

Observed Data Simulated Data Statistical Data

Description cTotal Rain
(mm) a

Rain
Duration

(h) b

Flow
Duration

(h)

Peak Flow
(m3/s)

Flow
Volume

(m3)

Peak Flow
(m3/s)

Flow
Volume

(m3)

Nash–
Sutcliffe,

r2
PEP (%) G

(L/s)2

1 29/01/2004 0.8 0.4 11.5 0.1 569 0.13 674 0.84 −29.9 0.01 C, Summer, short duration
2 8/07/2003 1.4 0.5 6.5 0.73 2937 0.37 2111 0.71 49.6 0.77 C, Winter, short duration
3 21/02/2004 5.1 4.7 14.1 1.71 12,090 1.83 14,580 0.86 −7.3 3.27 C, Summer, short duration
4 22/04/2004 6.1 6 12.8 1.97 13,360 2.08 14,980 0.69 −5.7 8.04 C, Winter, long duration
5 23/07/2003 20.5 30 44.4 2.07 78,920 2.26 77,190 0.9 −9 10.32 C, Winter, long duration
6 3/07/2003 2.3 2 11.6 2.24 8873 1.07 7077 0.64 52.1 8.66 C, Winter, short duration
7 11/07/2003 8.6 17.9 29.1 3 24,130 3.57 24,500 0.73 −18.8 14.36 C, Winter, long duration
8 23/06/2004 14.5 47.2 54.5 4.33 51,500 3.8 47,200 0.87 12.3 18.99 C, Winter, long duration
9 18/06/2004 19.5 24.5 34 4.37 78,370 3.8 66,690 0.69 13 80.44 C, Winter, long duration

10 26/06/2003 46.2 64.6 69.5 7.2 142,300 11.11 143,800 0.75 −54.5 167.3 C, Winter, long duration
11 22/05/2004 2.9 7.8 18.1 0.64 5024 0.46 5186 0.65 27.5 0.97 V, Winter, long duration
12 15/05/2004 3.1 12.5 20 0.75 5650 0.41 5727 0.59 45.1 1.66 V, Winter, long duration
13 1/06/2004 7.4 22.6 31.9 0.78 17,290 0.74 20,270 0.8 5.6 2.36 V, Winter, long duration
14 29/04/2004 3.8 1.3 7.4 1.54 6576 1.69 7523 0.77 −9.7 2.74 V, Winter, short duration
15 8/07/2004 5.4 8 17 1.84 13,790 1.73 13,200 0.97 5.8 1.04 V, Winter, long duration
16 28/05/2004 3.9 1.3 7.4 2.18 9286 2.27 9908 0.88 −4.2 2.88 V, Winter, short duration
17 9/06/2004 9.5 3.1 14.4 3.11 21,820 4.62 27,810 0.82 −48.5 15.59 V, Winter, short duration
18 4/11/2004 27.6 59 68.7 3.15 81,080 3.85 87,440 0.69 −22.2 43.58 V, Summer, long duration
19 11/06/2004 22.6 95 106.1 3.33 59,250 4.2 63,040 0.74 −25.9 37.33 V, Winter, long duration
20 3/01/2005 6.9 4 10 4.19 19,960 4.11 18,430 0.86 2 12.66 V, Summer, short duration
21 8/12/2004 14.5 32.3 37.6 6.47 34,050 9.36 39,430 0.7 −44.8 69.09 V, Summer, long duration

a Event duration based on observed flow, b Rainfall at Parafield Airport gauge (023013), c ‘C’ indicates the event was used for calibration, ‘V’ indicates that the event was used for validation; long duration is used
to describe storms greater than 5 h.
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2.4. Hazardous Event Catchment Spill Simulation

Page et al. [27] developed qualitative and quantitative water quality risk assessments
performed on the Parafield stormwater harvesting system. In developing the risk assess-
ment, catchment land uses were assessed using a geographical information system (GIS)
based approach for all catchments connected to the Parafield stormwater harvesting system.
Land uses were ranked according to the likelihood and severity of potential impacts to
water quality. The nearest drainage system inlet points to locations categorised as ‘Extreme’
risk for spills or flow contamination by Page et al. [27] were adopted for this study and
these are presented in Figure 1.

Hazardous event scenarios were developed by conducting PCSWMM model runs of
the catchment with two assumed spill volumes of 20 kL and 40 kL at each spill location. The
20 kL spill simulated spillage from 100 ‘44-gallon drums’ while the 40 kL spill simulated
spillage from 200 ’44-gallon drums’, or the volume of a small tanker truck. The pollutant
used in each analysis was assumed to consist of an aqueous generic contaminant with the
same density as water and with a concentration of 106 mg/L (i.e., 1 kg/L) for chemical
hazards. The contaminant characteristics for worst case (shortest travel time and maximum
peak concentration) were assumed to be for conservative pollutants with no adsorption
to stormwater system components, no volatilisation losses, no biodegradation during
the travel time, and having the same density as water, and hence no fractionation in
the diversion structure. While scenarios with contaminant sorption would prolong the
clean-up of stormwater systems and extend the need to bypass harvesting facilities, these
contaminants are also more capable of removal by remedial measures, and were not
further considered in this analysis. Spill events were simulated to occur during dry and
wet weather conditions. Dry weather spill vents were simulated in the absence of any
contributing rainfall, while wet weather events were run during rainfall. Pollutant spills
were simulated to occur over 12 min with a peak at 12:00 (midday) on the first day of the
simulation. The travel time of the pollutant was determined based on the time between the
beginning of the spill and the appearance of the pollutant at the harvest point (>1 mg/L at
the harvest point).

In wet weather, spill characteristics and the timing of spill in relation to rainfall was
determined from a preliminary analysis which examined the effect of storm intensity
and durations, spill timing in relation to storm events and spill durations on the travel
time and pollutograph of a contaminant at the harvesting point. Findings were used to
determine the spill event conditions resulting in the earliest breakthrough and highest
peak concentrations to ensure that the risk assessment was conservative. Various model
scenarios were produced based on two locations (1) the Cobbler Creek pump station (S12)
and (2) the mid-point (~half way to the harvest point). There were 48 model scenarios (24
scenarios per location) produced to compare the effect of these variables, summarised in
Table 2.

Each scenario was conducted using a selected storm event beginning at midday on
day one of a five-day simulation period. Storm events were represented as ‘design storm
events’ determined in accordance with local stormwater design guidelines [28] with an
assumed average recurrence interval (ARI) and storm duration. A pollutant spill can be
simulated in one of two ways in PCSWMM: (1) Concentration—assuming an inflow of
water has a pollutant concentration (mg/L) representing the spill to a stormwater pit,
and (2) Mass-assuming the addition of a dry pollutant mass (mg) which is added to a
stormwater pit and carried downstream by stormflow. The ‘concentration input’ method
provides a slightly more conservative estimate of travel time under the low flow conditions
compared to the mass input method (Table S1, Supplementary data). Consequently, for
both dry and wet weather spill scenarios, the ‘concentration input’ method has been used.
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Table 2. Characteristics of storm events and spill scenarios in the preliminary analysis to determine spill event conditions to
produce shortest travel times and highest peak contaminant concentrations for use in risk assessment.

Model Input Value Comment

Intensity (Storm ARI) 3-month ARI Lower intensity storm
10-year ARI Higher intensity storm

Storm duration
30 min Shorter duration storm (typical of local climate in summer)

12 h Longer duration storm (typical of the local climate in winter)

Spill location Pump Station
Midpoint

Represents spill location the Cobbler Creek catchment
Represents spill at the half way to the Harvest point

Spill volume 20 kL
40 kL

100 ‘44 gallon’ drums
200 ‘44 gallon’ drums

Spill duration
6 min Rapid spill
30 min Medium duration spill

2 h Gradual spill

Spill timing Beginning of storm Spill at time t = 0
Midpoint of storm Spill at time t = 15 min or 6 h

Total # scenarios = 2 (Intensity) × 2 (Duration) × 2 (Location) × 3 (Spill duration) × 2 (Timing) = 48

To compare the impact of the pollutant spill scenarios listed in Table 2, the hydrograph
and pollutograph characteristics were examined at the point of harvest by recording the
travel time of the pollutant from the location of the simulated spill to point of harvest, the
duration of the pollutograph at the point of harvest, the event mean concentration and
the time taken between the beginning of the spill and the occurrence of the peak pollutant
concentration at point of harvest. Hydrographs and pollutographs were reported to the
nearest minute for travel time estimates. The duration of the pollutograph refers to the
elapsed time when the pollutant concentration was > 1 mg/L at the harvest point. The
event mean concentration refers to the mean concentration of the pollutant during the
stormwater runoff event. The stormwater runoff event was defined as the period over
which flow was > 1 L/s at the harvest point.

3. Results and Discussion
3.1. Model Calibration

Table 1 summarizes the statistical analyses for each event (21 events) used to calibrate
or validate the model in this study. Nash–Sutcliffe efficiency r2 values were all greater than
0.5, with 15 of the 21 events greater than 0.7 indicating that the model was adequate. PEP
values ranged from −55% to +52% while the G values ranged from 0.01 to 167.3 (L/s)2,
as shown in Table 1. Hydrographs comparing calibrated and observed flow for Event #12
(event with the lowest r2 value) and Event #15 (event with the highest r2) are shown in
Figure 2 while the hydrographs for all other events (20 events) are shown in Figures S1–S3
of the Supplementary data. A background discussion on sources of error is also included.

3.2. Hazardous Spills in Dry Weather

In this research, PCSWMM was run using kinematic wave routing. Kinematic wave
routing solves the continuity equation (conservation of mass) and a simplified form of
momentum conservation (Saint Venant) equations as outlined by Rossman [24]. Initial spill
simulations (with zero baseflow) results showed high errors in the routing of flow volume
(for 20 kL scenario: >81%; for 40 kL scenario: >38%) and pollutant concentrations (for 20
kL scenario: >22%; for 40 kL scenario: >21%) in the PCSWMM model due to instability
in the flow routing with low flow volumes occurring over a short duration in the study
catchment. These errors have been shown to occur in previous studies examining the travel
time of pollutants under low flow conditions (e.g., [14]). To overcome this issue, flows were
simulated with a small baseflow of 5 L/s occurring at the point of the contaminant spill,
which produced a more acceptable routing error for both flow (for 20 kL scenario: <1.5%;
for 40 kL scenario: <0.9%) and pollutants (for 20 kL scenario: <15%; for 40 kL scenario:
<19%) as shown in Table S2, Supplementary data.
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The time of travel for a spill at each risk location with 5 L/s baseflow was determined
and the results shown in Table 3. The travel time can be a matter of min at some locations
close to the catchment outlet, and up to approximately 84 min at the furthest reaches of the
Parafield catchment (Site #18 for a 20 kL spill volume, Table 3).

Table 3. Travel time of spills during dry and wet weather.

Site Pit-ID
Distance

(m)
Elevation
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End (m)
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Slope (%)

PCSWMM Travel Time (mins)

20 kL Spill
@ Dry

Weather

40 kL Spill
@ Dry

Weather

20 kL Spill @
Wet Weather

10Y ARI

S1 Pit-25331 5100 51.63 9.81 0.82 78 67 24
S2 Pit-25639 5180 54.23 9.81 0.86 78 67 24
S3 Pit-20061 4090 53.86 9.81 1.08 60 54 18
S4 Pit-25356 3390 27.29 9.81 0.52 55 54 18
S5 Pit-18621 2060 18.80 9.81 0.44 30 30 18
S6 Pit-18250 4280 38.12 9.81 0.66 55 48 18
S7 Pit-18251 3795 35.34 9.81 0.67 48 42 18
S8 Pit-24527 2480 21.34 9.81 0.46 30 30 12
S9 Pit-19692 2160 19.76 9.81 0.46 30 27 12

S10 Pit-20089 5865 67.29 9.81 0.98 79 72 24
S11 Pit-16017 4395 38.89 9.81 0.66 60 50 18
S12 Pit-23138 6810 80.68 9.81 1.04 84 73 31

The spill volume was found to have an impact on time of travel in the catchment with
the travel time decreasing when the spill volume increased, as expected (Table 3). This
is attributed to a greater kinetic energy for larger flows effectively forcing water through
the stormwater network faster, compared to lower flows over the same conduit length.
Increased depth also reduces the net effect of pipe and wall roughness on the flow of water
through the pipe network, leading to increased flow velocities. A linear function (Figure S4,
Supplementary data; R2 = 0.98) was fitted to describe the relationship between the travel
time of 20 kL and 40 kL spill volumes during the dry weather. The travel time in the
catchment was found to be reduced by 6.0% for each 10 kL increase in the spill volume.

3.3. Hazardous Spills in Wet Weather

To examine the effect of storm intensity and durations, spill timings and spill durations
on the travel time and pollutograph of a spill at the harvesting point during wet weather,
various model scenarios were produced for two spill locations: (1) the Cobbler Creek
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pump station (the top of the Parafield catchment, S12) and (2) the mid-point (~half way to
the harvest point) as detailed in Section 2.4. These sites correspond with the travel time
validation of the model in Section 2.3. Under the various scenario conditions examined
in this study, the maximum flow rates were found to be 3.2 m3/s and 13.9 m3/s for the
3-month ARI and 10-year ARI storms, respectively. Data from some scenarios (those where
the duration of a highly concentrated but low flow rate spill) leads to travel time which
exceeds the event duration have been neglected and not considered in the discussion,
because these pose a lower risk at the harvesting point than other scenarios.

3.3.1. Effect of Storm Event Recurrence Interval

The flow and pollutant concentration characteristics at the point of harvest at various
spill event conditions examined in this study are shown in Figure 3. The effect of stormwa-
ter event recurrence interval was assessed by comparing the results for spill scenarios
with different storm event ARIs (3-month ARI (3M ARI) and 10-year ARI (10Y ARI)). The
percentage change in the travel time (TT) parameters for the two storm intensities (e.g.,
(TT10Y ARI − TT3M ARI)/TT3M ARI) for spill scenarios which occurred at the same point of
the catchment were calculated for spills with otherwise identical spill duration and spill
start time (n = 12). The average and standard deviation (X ± S.D.) values of the percentage
change in travel time for these spills were calculated. Regardless of the spill location, spill
duration and spill start time, stormwater event intensity was found to have an effect on the
time of travel to the harvest location (Figure 3a,b). The higher rainfall intensity consistently
produced a reduction in time of travel of a pollutant to the harvest location in all scenarios
(Figure 4). Travel time for the 10-year ARI event was reduced by 37% ± 5% in comparison
with the 3-month ARI event when spills occurred at the top of the catchment, and by
49% ± 15% when the spill occurred in the middle of the catchment. The time taken to reach
a peak pollutant concentration at the point of water harvest followed the same trend with
values reduced by 26% ± 14% and 35% ± 12%, respectively (Figure 5). The higher storm
intensity also reduced the maximum and mean pollutant concentration (Figures 6 and 7) in
all scenarios by 79% ± 8% and 76% ± 9%, respectively.

Further, the stormwater event ARI was found to have less effect on spills occurring
at the start of storm compared to spills occurring in the middle of corresponding storm
events. Higher storm intensity led to lower reduction in the assessed parameters when
spills occurred at the start of storm events compared to spills which occurred in the middle
of corresponding storm events (time of travel: 34% ± 3% vs. 52% ± 12%; travel time
to peak: 28% ± 13% vs. 33% ± 14%; maximum pollutant concentration: 73% ± 7% vs.
86% ± 4%; mean pollutant concentration: 71% ± 8% vs. 82% ± 8%). Hence, high storm
intensity reduced travel time of pollutants and also reduced the peak concentration, with a
larger impact on pollutant concentrations than travel time.
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Figure 3. The flow and pollutant concentration characteristics at the point of harvest with a 5 min duration spill occurring
at the top of the catchment (S12) and at (a) the beginning of the 3-month, 0.5 h storm, (b) the beginning of the 10-year, 0.5 h
storm, (c) the beginning of the 10-year, 12 h storm, and (d) the middle of the 10-year, 12 h storm. The flow and pollutant
concentration characteristics at the point of harvest with a 30 min duration spill at the beginning of the 10-year, 0.5 h
storm occurring at (e) the top of the catchment and (f) the middle of the catchment. The flow and pollutant concentration
characteristics at the point of harvest with a (g) 30 min and (h) 120 min duration spill occurring at the top of the catchment
(S12) and at the beginning of the 10-Year, 12 h storm.
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3.3.2. Effect of Storm Event Duration

The effect of stormwater event duration was also assessed by comparing the results
for spill scenarios with different storm event durations (30-min storm and 12-h storm). The
percentage change in the travel time (TT) parameters for the two storm durations (e.g.,
(TT12-h − TT30-min)/ TT12-h) for spill scenarios which occurred at the same point of the
catchment were calculated for spills with otherwise identical spill duration and spill start
time (n = 12). Regardless of the spill location and spill duration and spill start time, results
showed that stormwater event duration had an effect on the time of travel to the harvest
location (Figure 3b,c,e,g). In contrast to the storm intensity, the longer duration storms
tended to increase the travel time of a pollutant to the harvest location in all scenarios
(Figure 4). Travel time was increased by 49% ± 12% (mean ± standard deviation) when
spills occurred at the top of the catchment, and by 10% ± 59% when the spill occurred in
the middle of the catchment.

The time taken to reach a peak pollutant concentration at the point of water harvest
followed the same trend. Time to peak pollutant concentration increased (27% ± 23% and
39% ± 26%) due to longer storm events as shown in Figure 4. The longer storm events also
increased the maximum and mean pollutant concentration at the stormwater harvest point
in all scenarios (Figures 6 and 7).

3.3.3. Effect of Spill Timing

In this study, the effect of spill timing was also assessed by comparing the results for
scenarios with identical storm event ARIs, storm duration, spill duration and spill location
but with spills occurred at the start or middle of storm events and the percentage change
in the travel time parameters were calculated.

As shown in Figure 4, for a pollutant spill occurring at the top of the catchment, the
travel time of the pollutant to the point of harvest was reduced by 27% ± 7% when the spill
occurred during the middle of a storm, compared to the beginning. The travel time data
where a pollutant spill occurred in the middle of catchment showed the same trend with
values 61% ± 22% lower when a spill occurred during the middle of a storm compared to
the beginning. Further, the reduction in the travel time was more prominent for larger storm
intensity events. When a spill occurred at the top of catchment, the reduction was 31% ± 4%
for a 10-year events compared to 22% ± 7% for a 3-month events. For a spill in the middle
of the catchment, these reductions were 70% ± 32% and 52% ± 18%, respectively.

As shown in Figures 4–7, in every case the travel times were shorter for spills occurring
midway through a storm than at the start, because stormwater flow rates were faster.
However peak and average concentrations were always lower for spills occurring midway
through a storm, due to the higher rates of dilution on entry to the stormwater system,
and the dilution occurred as a result of a longer initial period of untainted water reaching
the harvesting point. Again, for the purposes of risk assessment, protection needs to be in
place for both minimum travel time and maximum contaminant concentration, so a range
of scenarios needs to be considered in order to address the range of possible values for
each. Consistent with the travel time to the harvest point, the time taken for the maximum
pollutant concentration at the harvest point was lower when a pollutant spill occurred
during the middle of a storm, compared to the beginning.

3.3.4. Effect of Spill Duration

To examine the effect of contaminant spill duration, pollutographs were compared
for scenarios where a 20 kL spill occurred during identical storm events (event intensity
and duration), but where the spill occurred over a 5 min, 30 min or 2 h duration (e.g.,
Figure 3c,g,h). As shown in Figure 4, regardless of the spill location, the travel time of the
pollutant to the point of harvest was increased where the spill duration occurred over 30
min period compared to a corresponding spill with a 5 min duration (7.9% ± 4.1% higher
for a spill at the top of the catchment; 14% ± 26% for a spill at the middle of catchment).
The findings for the two-hour spill were again higher than the 30-min spill. Further, the
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time taken to reach a peak pollutant concentration at the point of water harvest followed
the same trend with values again increasing by at least 31% when the spill duration event
increased as shown in Figure 4.

In contrast, increase the spill duration led to a decrease the maximum pollutant
concentration estimated at the harvest point (Figure 6) in all scenarios. For example, for a
30-min spill compared to a 5 min spill the reduction was 33% ± 16% and 49% ± 10% for
spill at the top and middle of the catchment, respectively.

3.3.5. Worst Case Scenario Analysis

The results (Sections 3.3.1–3.3.4) indicated that the worst-case spill characteristics, in
terms of catchment travel time, were when a short duration spill occurred at the middle of a
high recurrence interval and higher intensity (shorter duration) storm event. The scenarios
represent a scenario where a 10-year, 30-min duration storm event occurs with a 12 min
duration spill occurring in the middle of the storm.

For the Parafield catchment, the simulated catchment travel time was found to be
between 12 and 31 min at the closest high-risk location to the stormwater harvest point (S9)
and furthest reach of the catchment (S12), respectively. The results show that regardless
of the location, spills during wet weather travelled faster (less travel time) than the dry
weather pollutant flows, as shown in Table 3. Perhaps most importantly, these travel
periods leave little time for catchment managers to respond to any immediate knowledge
of spills or overflows in the catchment.

Although the dry weather travel times are longer than wet weather travel times, so dry
weather spills are found to be not vital for risk assessment related to travel time, they are
important for the peak concentration of pollutants, which, ignoring the base flow artefact
introduced for numerical stability of solutions, can be taken as the concentration of the
pollutant in the spilled volume.

The highest concentrations of pollutants from spills reaching the harvesting point are
in the dry weather scenario undiluted by stormwater flow. However, under wet weather
scenarios, the smallest simulated storms produce the least dilution and would ensure that
the contaminant reached the harvesting point. In general peak and average concentrations
were highest for spills occurring at the start of a low recurrence interval, low intensity
(longer duration) rainfall events. For the stormwater events with a 3-month recurrence
interval, pollutant concentrations were diluted to less than 6.6% of the spill concentration
and for events at a 10 year recurrence interval to less than 2.2%. Hence dilution cannot be
relied on for more than about an order of magnitude reduction in pollutant concentration
for large spills. Until this modelling was performed, it had been expected that a 3 to 5 log
reduction would have occurred. This highlights the importance of calibrated models for
improving the reliability of risk assessment for rarely occurring or measurable spill events.

3.4. Risk Management Strategies for Spill Scenarios in Urban Stormwater Catchments

Stormwater catchment modelling produced an indication of how a hazardous event
such as a tanker spill or sewer overflow and its timing, duration, storm event intensity,
storm event duration and spill location may affect the timing and characteristics of a
pollutant arriving at the point of harvest. Overall, in terms of risk management the results
indicated that the scenarios of most concern, in terms of catchment travel time and time
to peak, were when short duration spill occurred at the middle of a high intensity, short
duration storm event closer to the catchment outlet—although in the case of the case
study catchment, a spill at the furthest location in the catchment still allowed little time for
catchment managers to respond.

In the development of water safety plans [10], knowledge of the catchment travel time
is a valuable reference for determining the time to respond to any hazardous event. Follow-
ing the identification of potential hazards in a catchment using appropriate techniques [29],
the catchment simulation procedures outlined here can be used to further determine the
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potential responses, or lack thereof, open to scheme managers when they become aware of
an accident or spill which can affect the quality of harvested water.

Different configurations of stormwater catchment hydraulics and climatic factors
would produce different results to those presented. This study demonstrated the potential
sensitivity of storm intensity and duration as well as spill location, timing and duration
on pollutant travel times, concentrations and persistence across the hydrograph. Despite
these sensitivities, however, the overall extremely short potential response times to haz-
ardous events are instructive. Effective water quality management may need to rely more
on preventative measures and ‘end of pipe’ (point of harvest) automated detection and
diversion or treatment of stormwater such as those outlined by other authors [4,20] rather
than reactionary responses to hazardous spill events. For example, measures may need to
be activated automatically based on thresholds in online monitoring [29] rather than de-
pendent on human observation and intervention. Other preventive measures may include
catchment surveillance at hazardous locations, communication with stakeholders especially
high-risk industries, and focussing on safety within transport corridors. Communication is
particularly important—if a driver or emergency first response service knew who to call in
the event of an accident, they could get the harvest system shut off quickly. Additionally,
detention storages in stormwater systems downstream of locations with residual high risk
of contaminant spill points could be used as a buffer for both dilution and extending travel
time. At the case study site, natural treatment systems such as the existing wetland and
MAR scheme could be very effective in the management of some contaminants such as
microbiological [6] or chemical contaminants [20,30].

There are several factors which may influence the outcome of this analysis, including
catchment size, slope, impervious surface area, and drainage system connectivity and
roughness, all of which are known to affect the velocity and volume of stormwater which
drains through stormwater drainage systems. This study has shown that spills in the
middle of storms tend to travel faster. This presents a concern for stormwater harvesting
schemes because a common spill risk is the occurrence of sewer overflows [5], which are
more likely to occur when flow is nearing its peak during storm events [31]. Consideration
should also be given the readiness of local authorities to respond to known spill events in a
catchment, such as the availability and preparedness of best practice guidelines [32].

Overall, this study has demonstrated the effectiveness of using well calibrated mod-
elling tools to determine the time of travel of potential contaminant spills from known
hazardous locations in a stormwater catchment where water is being harvested for benefi-
cial use.

4. Conclusions

This study developed scenarios of pollutant spills (tanker spills and sewer overflows)
for a fully operational stormwater harvesting MAR scheme to demonstrate a methodology
which can quantify the effects of storm and spill characteristics with the aim of identifying
potential risk management options. Simulation of catchment rainfall runoff was selected to
compare the effect of hazardous spills in dry and wet weather.

For dry weather spills, the use of the SWMM model required an artificial baseflow be
used to avoid unacceptable model errors. All dry weather spill events, in combination with
artificial baseflow, travelled more slowly than wet weather spills. For wet weather spills,
shortest travel times tended to occur for higher intensity storms, with shorter duration, and
where a short duration spill of fixed volume occurred in the middle of the storm. Increasing
the intensity of rainfall reduced the peak concentration of a pollutant at the harvest point
via dilution, but it also reduced the time of travel. Overall, the longest travel times from
the furthest hazard location in the catchment to the outlet (harvesting structure) were 31 to
84 min (wet and dry weather cases, respectively), and even less for closer locations. This
effectively leaves no time to intervene with any reactive management actions.

Different stormwater catchment characteristics and climatic factors would produce
different results, but in general, impervious urban catchments are likely to have rapid
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hydraulic response times. The study has demonstrated an effective means to assess the
potential to manage a hazardous spill in the catchment of a stormwater harvest scheme. It
found that for general urban stormwater harvesting systems like the case study catchment,
risk management should focus on preventative risk management and end of pipe (or
harvest point) monitoring and treatment rather than event-based response systems. Also,
incident reporting protocols for spills in a stormwater harvesting catchment should be in
place to alert operators of potential hazards.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13202865/s1, Table S1: Pollutant characteristics of MASS and CONCENTRATION based
pollutant loads at downstream of the Cobbler pump with continuous baseflow, Table S2: Dry
weather travel time statistics for a 20 kL and 40 kL spills without baseflow and with 5 L/s baseflow,
Figure S1: Observed and model simulated data for (a) Event #1, (b) Event #2, (c) Event #3, (d) Event
#4, (e) Event #5, (f) Event #6, (g) Event #7 and (h) Event #8; Figure S2: Observed and model simulated
data for (a) Event #9, (b) Event #10, (c) Event #11, (d) Event #13, (e) Event #14, (f) Event #16, (g)
Event #17 and (h) Event #18; Figure S3. Observed and model simulated data for (a) Event #19, (b)
Event #20 and (c) Event #21; Figure S4: Travel time for 20 kL spill vs. 40 kL spill event.
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