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Abstract: Existing wet tropical urban drainage systems often fail to accommodate runoff generated
during extreme rainfall. Water-sensitive urban design (WSUD) systems have the potential to retrofit
the existing urban drainage system by enhancing infiltration and retention functions. However,
studies supporting this assumption were based on temperate or arid climatic conditions, raising
questions about its relevance in wet tropical catchments. To answer these questions, this study has
implemented a comprehensive modelling study of WSUD effectiveness in a tropical environment.
Engineers Park, a small sub-catchment of 0.27 km? at Saltwater Creek, Cairns, Queensland, Australia
is the study site to evaluate grey and WSUD flood mitigation capabilities under major (1% AEP),
moderate (20% AEP) and minor (63.2% AEP) magnitudes of rainfall. A detailed one-dimensional (1D)
and coupled 1D/2D hydrodynamic model in MIKE+ were developed and deployed for this study.
The results highlighted that the existing grey infrastructure within the catchment underperformed
during major events resulting in high peak flows (PF) and overland flow, while minor rainfall events
increased channel flow and shifted the location of flooding. In contrast, integrating WSUD with grey
infrastructure reduced peak flow by, 0% to 42%, total runoff volume reduction by 0.9% to 46% and
flood extent ratio by 0.3% to 1.1%. Overall, the WSUD integration positively contributed to reduced
flooding in this catchment, highlighting its potential applicability in tropical catchments subject to
intense rainfall events. However, careful consideration is required before over-generalization of these
results, since the study area is small. However, the results of this study can be used in similar study
sites by decision-makers for planning and catchment management purposes, but with careful
interpretation.

Keywords: urban flooding; water-sensitive urban design; grey infrastructure; flood mitigation;
tropical catchment

1. Introduction

Globally, flooding is a critical weather-related event with extensive financial and socioeconomic
impacts [1-3]. Previous research has highlighted a significant rise in river flooding rates and
durations at both global and latitudinal scales [4]. Since 2000, tropical regions have experienced a
fourfold increase in flooding events relative to other areas. This alarming flooding trend in the tropics
has been attributed to coastal and urban hydrology alterations [5,6] led by rapid urban development
[5,7]. In addition, approximately 62% of low-lying areas globally lie in the tropics at elevations less
than 2 meters above mean sea level (MSL) [6,8]. This has increased exposure to several flow sources
of infrastructure and humans, significantly increasing the risk associated with flooding in this region.

Traditionally, urban areas have adopted grey infrastructure, such as pipe networks, channels,
inlets, gates, and walls to manage floods. The stormwater collection systems intercept flow from
different catchments and transfer it to the nearest outlet or low-lying areas downstream, farther from

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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the built-up areas [9]. However, this inflexible system often fails to accommodate the runoff
generated during extreme rainfall events [10]. This has contributed to the propagation of flooding
problems [10], and as a result, several studies have questioned this approach [10,11]. These measures
help transfer flooding hotspots from one location to another, but they lack ecological utility, and the
cost involved in improvement imposes an extreme economic burden [12]. However, attempts have
been made to improve the hydraulic capacity of this infrastructure through redesign, rehabilitation,
and rectification [13]. These approaches are highly complex, inflexible, expensive and unsustainable
in resolving flooding problems. As a result, several studies have suggested alternative novel concepts
incorporating nature-based solutions and green infrastructure to mitigate flooding [14-17].

Water-sensitive urban design (WSUD) techniques are alternative approaches that can contribute
to flood mitigation in urban environments. These measures have been adopted globally for various
purposes, such as stormwater management, attenuating surface/peak runoff, flood mitigation,
reducing urban heat effects and groundwater recharge [18-21]. Studies have demonstrated positive
results showing that such measures can reduce surface runoff ranging from 3.6% to 78% [22,23] and
peak runoff by 22.8% to 67.8% [24,25]. This has reduced flooding problems in urban areas, thereby
decreasing the severity of flash flooding and inundation issues. Despite the results showing WSUD
as a promising measure for reducing flooding problems, evidence of the suitability of these measures
in tropical climatic zones is limited [11,26-28]. Most of the published literature is from temperate or
arid climatic zones[29]. Urban water management projects in tropical regions often adopt
recommendations from the Water Sensitive Urban Design (WSUD) literature and guidelines as
references. However, these documents overlook the hydroclimate regime and catchment
characteristics of the tropics. Relying on such studies only can lead to biased decision-making in the
design, selection and application of the WSUD system in tropical environments [16,30-32].

Therefore, to improve decision-making and implementation of robust WSUD systems, research
is needed to assess WSUD performance in complex hydrological regimes and its interactions with
other infrastructure to mitigate flooding explicitly in tropical regions. Contributing to this knowledge
gap, this study is designed for a wet tropical coastal sub-catchment to answer the following question:
(i) How effective are existing grey measures in mitigating flooding? (i) How does integrating WSUD
with existing grey infrastructure contribute to flood mitigation? and (ii) What are the factors that
impact WSUD application in the tropics?

2. Data and Methods
2.1. Study Site

Engineers Park is a small sub-catchment of the Saltwater Creek catchment in Cairns City,
Queensland, Australia (Latitude =-16.911, Longitude = 145.72). This catchment has a total area of 0.27
km?, a small fraction of the Saltwater Creek catchment, which spans a total area of 16 km2 The
catchment is topographically characterised by a short width of approximately 600 m and a significant
elevation difference, ranging from about 11 m Australian Height Datum (AHD) (at the outlet) to 139
m AHD (at the top). Rainfall-runoff discharge flow is the primary flow source at this study site.
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Figure 1. Boundary of Engineers Park in Saltwater Creek Catchment in Cairns City, Digital elevation model for
Engineers park, Cairns Regional Council (CRC) Queensland Australia, with Key features shown.

The Australian Bureau of Meteorology (BOM) notes that Cairns falls in the wet tropical climatic
zone. The climate record from the Cairns Aero station (31011), located at a latitude of -16.87°N and a
longitude of 145.75°E, spanning the data period from 1943 to 2024, was analysed. The maximum
precipitation received during the wet season from December to April was up to 1417 mm and
remained dry mainly from July to November, with annual average rainfall ranging between 1997 mm
and 3148 mm. In addition, Cairns experiences temperatures ranging from a mean maximum of 29.4
°C to a mean minimum of 21.0 °C; however, the maximum temperature can rise to 42.6 °C during
hot, humid summer days.

2.2. Datasets and Methodology
2.2.1. Datasets

A high-resolution 0.5 m x 0.5 m Digital Elevation Model (DEM) was generated from a 2021 aerial
laser survey obtained from the Cairns Regional Council (CRC). The DEM defines the catchment
topography and has been used for catchment delineation, determining land use characteristics, and
underpinning hydrological and hydraulic modelling. This catchment is underlain by a ferrosol (clay
loam to clay texture) soil type [32].

Currently, the Council manages stormwater runoff in the catchment using grey infrastructure,
such as inlets, pipe networks, and manholes, to intercept runoff and direct it to the nearest partially
paved channels that run through the catchment. The CRC also provided the drainage network data.
After receiving the grey infrastructure data, a desk study was followed by a discussion with CRC
representatives through a field visit for onsite measurements.

Daily rainfall data, collected using a tipping-bucket rain gauge as detailed in Table 1 and Figure
2, were obtained from the CRC. The rainfall data were supplied as cumulative rainfall totals in five-
minute increments over 24 hours, with the accumulation resetting at the end of each day. However,
none of the rain gauge stations were within the study site, as shown in Figure 2. The Inverse distance
weighting (IDW) method was adopted to spatially distribute the rainfall data via interpolation over
the sub-catchment centroid [33]. The four nearest rain gauge stations, highlighted in green, with
rainfall data, were considered for estimating the point rainfall value in this study. Among several
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other methods, this method was selected due to its broader application in research and minimal
calculation requirements [33].

Table 1. Description and location of rain gauges where rainfall data were collected for this study.

reprints202504.2127.v1

Distance to
Rain gauge Notation Descriptions Latitude Longitude the centroid
5aug p & of Catchment
(Km)
RESEDG.RainGagTD A rain gauge near the 16.89 145.74 2795
Botanical Garden
RESROB.RainGagTD Nearby Wood monk 16.92 14571 2075
Close Park
RESWHG.RainGagTD Nezilrby detention 1691 145.72 0572
basin
SPST1.RainGagTD Lennon Street Park -16.93 145.74 2.889
Centroid of Engineers Park -16.91 145.72
‘é_ RAINGAUGE LOCATIONS
v E RE3600 W.'M‘O' 1
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Figure 2. Rain gauge Stations near the study site.

The land use classification and area covered are summarised in Table 2. The land use areas are
categorised as rooftops, roads, driveways, forests, open spaces and hardstands. Green spaces and
tropical rainforest cover about 50% of the study site. Specifically, the upper section of the catchment
is forested, and the downstream location is urbanised.

Table 2. Land use Characteristics of the Study site.

Land Use Area (Km?) %
Buildings 0.063 23.3
Roads 0.059 21.9
Open spaces 0.001 0.4
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Forest

0.136 50.4
Partial Driveways 0.008 3
Pool/Hardstand 0.003 1.1
Total 0.27
Planned WSUD application area 0.0127 4.7

Every 5 minutes, water level measurement was conducted using a pressure transducer (Hobo)
sensor during wet periods from February 2023 to September 2023. A Hobo sensor was selected for
this study site to collect water level data due to its low cost, portability, and ability to measure water
levels at variable depths of 4 m, 10 m, and 30 m Figure 3. Additionally, this sensor is well-suited for
use in both fresh and saltwater, thanks to its polypropylene housing and measurement accuracy of

0.1%.

Figure 3. Hobo Sensor location at Engineers Park Channel Outlet.

The velocity measurements were conducted at the sensor location five times during the 2023 wet
period, and a rating curve was developed. The measured water level from the Hobo sensor was
converted to discharge using the rating curve shown in Figure 4.
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Figure 4. Rating Curve for Engineer Park Channel Outlet.
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Besides rainfall depth, the additional hydrological inputs required for developing a design flood
estimate, as guided by the Australian Rainfall and Runoff (ARR) (2019), are temporal and spatial
patterns and losses [34]. The areal temporal patterns (ATP), areal reduction factors (ARF), and losses
were downloaded from the ARR Data Hub website for Latitude -16.92 and Longitude 145.727 on 12
December 2021. In addition, the intensity frequency duration (IFD) data were downloaded from the
BOM website, which lists frequent and infrequent (63.2% to 1%) AEPs. Here, ATP is a data type
representing how rainfall data varies over time within the catchment; this is required to provide a
realistic simulation of storm behaviour [34]. ARF adjusts point rainfall data to represent average
rainfall over a large catchment. Furthermore, initial and continuous loss accounts for how soil and
plants infiltrate and evaporate before rain. Finally, IDF data provides information on estimated
extreme rainfall intensities over different durations and return periods, which is critical information
for flood modelling and is used for generating design storms. These datasets are required for RORB
modelling to ensure that flood peaks and volumes are correctly modelled.

2.2.2. Methods

The research methods flow chart adopted for this study is presented in Figure 5 and discussed
in detail.

Data preparation
(DEM data, land use data, drainage network, rainfall
and measured water level)

Model Setup/Testing
¢ Model setup (RORB/Storm Injector/MIKE+)
® Calibration and Validation of RORB and
MIKE+ model against measured flow.

h h 4

¢ Rainfall Design Events = Development of rainfall design events with
RORB and Stom Injector (1% AEP — Major, 20% AEP = Moderate) and 63.2%
AEP = Minor).

¢ Base case scenario = Hydrological modelling using MIKE+ (Current land
use + grey measures) under Major, Moderate and Minor rainfall design
event.

* WSUD scenario = Hydrological simulation using MIKE+ (Current land use
+ Grey + WSUD infrastructure) Major, Moderate and Minor rainfall design

event

Figure 5. Flood modelling approach and steps flow chart.

2.3. Modelling Tools and Approach

The runoff-routing lumped conceptual RORB version 6.45 model was adopted for hydrological
assessment. This tool is a streamflow routing program that calculates hydrographs from rainfall,
subtracting losses from rainfall to generate runoff [35]. This tool was selected for hydrological
simulation due to its free availability and demonstrated a wide range of applications in Australian
catchments.

The Storm Injector is an integrated platform where catchment files developed using different
hydrological models, storm files from the ARR Data Hub, and intensity-frequency-duration curves
from the BOM can be input into a single platform to obtain the temporal combination defined by the
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ARR (2019) requirements for flood modelling. A storm injector was adopted to generate rainfall
design events under current and future climate change scenarios.

This study adopted MIKE+ software over other commercial modelling tools. MIKE+ was
adopted due to its being an integrated platform, including a model manager, water distribution
function, water collection system, river network, and 2D overland flow, as shown in Figure 11 [36—
38]. This tool enables the performance of hydrological and hydraulic simulations, with results that
can be linked within a single platform. The model was used to perform 1-dimensional (1D) and 1D/2D
hydrological and hydrodynamic simulations to evaluate grey and Water Sensitive Urban Design
(WSUD) approaches in measuring their performance in mitigating flooding. The MIKE+ model
catchment and collection system (CS) platform was used to define the pipe networks, inlets,
manholes, and canals at this study site. Additionally, the 2D overland flow platform within the model
was utilised to develop a rectangular grid with a spatial resolution of 1 m x 1 m. The coupling
platform within the tool connected the 1D/2D model created in a separate MIKE+ platform. Finally,
MIKE-+ also has a platform to support the application of WSUD techniques and hydraulically connect
these measures with existing drainage networks or each other.

A combination of open-source and commercial hydrological and hydraulic modelling tools was
adopted. The runoff-routing lumped conceptual RORB version 6.45 model was adopted for the
hydrological assessment. The RORB model was utilised to develop a catchment file for the study site,
which was integrated with ArcGIS using Arc-RORB. This catchment file was used in the Storm
injector, including areal temporal patterns, areal reduction factors, losses, and IFD results, as well as
hydrological properties, to generate a rainfall design event and critical time for further modelling
using MIKE+. MIKE+ does not have an in-built tool to incorporate the above-mentioned hydrological
properties, which was recommended by the ARR 2019 [34,39,40]. The design event hydrograph
results are further utilised in MIKE+ as a boundary condition during one-dimensional (1D) and one-
dimensional/two-dimensional (1D/2D) simulations. The simulations were mapped using QGIS tools,
with calculations performed in Microsoft Excel. The model simulated different magnitudes of design
events, including a major event (1% Annual Exceedance Probability, AEP), a moderate event (20%
AEP), and a minor event (63.2% AEP), to represent a broad range of events.

2.4. Model Calibration and Validation

The calibration and validation of both models were conducted considering a comparative
assessment of simulated and measured flow hydrographs at the outlet locations. The event selection
approach for model calibration and validation is critical for improving the accuracy of modelled
results [39]. The events selected for the model calibration and validation are shown in Table 3.

Table 3. Rainfall Events Considered for Calibration and Validation.

Events | Time (Hr.) | Rainfall Depth (mm
Calibration Events
06/03/2023 17.3 108.2
07/03/2023 10 6.8
24/04/2023 20 38.9
17/06/2023 4.8 3.8
26/07/2023 42.9 32.8
Validation Events
25/02/2023 20.8 5.03
05/03/2023 17.3 1314
17/04/2023 13.8 12.6
13/05/2023 8 5.8
03/07/2023 29 11.2

The model calibration and validation were evaluated based on the goodness-of-fit criteria, as
shown in Table 4. The Nash-Sutcliffe efficiency (NSE) value ranges from 1 to -e; NSE = 1 indicates

d0i:10.20944/preprints202504.2127.v1
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perfect agreement between modelled and observed data; NSE = 0 means the mean of the observed
data is as accurate as the model predictions; NSE < 0 means the mean of the observed data predicts
better than the model. This value shows the predictive power of the hydrological model [41]. Root
mean square error (RMSE) is a ratio of the Root mean square error (RMSE) to the standard deviation
of the observed data. This parameter measures the spread of model results compared to the measured
results [33,41-43]. Finally, the Percentage Bias (PBIAS) parameter measures the tendency of modelled
results below or above the measured results. [41].

Table 4. Goodness of fit criteria.

Peak
Performance
. flow/Volume NSE PBIAS RSR
Rating
error (%)

Very Good 1t0 0.75 <£10 0to0.5
Good 0.65t00.75 | #10to+15 | 0.5t00.6
Satisfactory *20 0.50t00.65 | *15to+25 | 0.6t00.7
Unsatisfactory >+20 <0.5 +25 >0.7

2.5. Simulation Scenarios

The current land use and grey measures are a base case scenario simulation. The hydrological
effectiveness of WSUD applications as a point source control measure in urban catchments was
assessed, considering the reduction of effective impervious area (EIA). The decrease in permeability
in urban areas substantially reduces natural flora, and the interception, retention, and infiltration of
stormwater runoff are also reduced. This positively impacts runoff rates and volumes, thereby
decreasing interception and infiltration. The effective EIA is the portion of the urban area that directly
contributes runoff to the drainage network, increasing peak flow and runoff volume [44]. Literature
has suggested that the reduction in EIA can lower the probable impact of climate change and
urbanisation on hydrology and the efficiency of grey measures [45—-48].

This study tested three rainfall scenarios as part of the baseline scenarios. The rainfall design
events considered for scenario testing are major (1% AEP), moderate (20% AEP), and minor (63.2%
AEP). In addition, hydrological simulations for all three rainfall design events were conducted with
the WSUD system, with EIA reduction ranging from 10% to 100%, as shown in Table 5. Five different
types of WSUD systems were selected for testing. Furthermore, earlier studies have reported that
combining different WSUDs helps improve peak flow reduction [21,23-25,27,49]. The WSUD systems
combine to leverage the functions of both retention and infiltration-based systems, thereby
improving overall efficiency. Thus, the individual WSUD systems were later combined from M1 to
M4, as shown in Table 5, to evaluate the efficiency of mixed systems. Finally, 1D/2D hydrodynamic
modelling was conducted for the best-performing individual and mixed systems, assuming a 100%
EIA reduction, to assess flooding hotspots, inundation, and maximum water level (MWL) alterations.

Table 5. Model simulation Scenarios.

Scenarios Descriptions
Base case | ¢ MIKE+ hydrological (kinematic wave) simulation
scenario with existing land use data and existing grey
Current infrastructure
Climate e MIKE+ hydrological (kinematic wave) simulation
(CO) WSUD using existing land-use data, existing grey
Scenario infrastructure, and various water-sensitive urban
Design (WSUD) systems.
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Scenarios Descriptions

e MIKE+ hydrological simulation with WSUD with
10%, 20%, 40%, 60%, 80% and 100% EIA reduction

e Individual WSUD (Porous pavement - PP, Rain
Barrel - RB, Bio-retention - BR, Rain garden - RG,
Infiltration trench - IT)

¢ Mixed WSUD (M1 = PP+RB, M2 = PP+RB+BR, M3 =
PP+RB+BR+RG and M4 = PP+RB+BR+RG+IT

e Hydrodynamic modelling 1D/2D (Numerically best-
performing WSUD systems)

e Individual/mixed WSUD during hydrological
simulation with 100% EIA.

2.6. Model Performance Evaluation Criteria

The following equations were adopted to evaluate the model performance.

. PE(b i0)-PF (Grey+WSUD
PF Reduction = e case scenario) P2 (Oreyt WSUD), 1 (1)
PF (base case scenario)

. TRV io)-TRV WSUD

TRV Reduction = (base case scenario) (G.rey+ SU )Xl 00 (2)
TRV (base case scenario)
. _ MWL (base case scenario)-MWL(Grey+WSUD)
Inundation depth TRV (base case scenario) x100 (3)
Node flooding: A node refers to a manhole or inlet that discharges flow to the surface.

T FEA/CA (base case sceanrio)-FEA/CA (Grey+WSUD)

FEA/CA ratio FEA/CA (base case scenario) x100 (4)

where, PF = Peak flow reduction, TRV = Total runoff reduction, MWL = Maximum water level, FEA
= Flood extent area, CA = Catchment area

3. Results
3.1. RORB and MIKE+ Hydrological Model Calibration and Validation

The RORB and MIKE+ model calibration and validation summary results, with good outcomes
highlighted in dark colour, are presented in Tables 6 and 7. Both models provided satisfactory
estimates of peak flow. The RORB model’s simulated peak flow closely matched with the measured
flow during calibration. The MIKE+ model overestimated the peak flow during three events. In
contrast, during validation, both models performed relatively better.

Both models yielded satisfactory to very good NSE results during calibration and validation.
However, despite the short dataset (8 months) used for calibration and validation, RORB performed
better than the MIKE+ model in relation to PF and TRV estimation. Since the RORB model was
specifically developed and extensively used in Australian catchments, the model parameters adopted
appear to better represent the catchment characteristics, even with limited data. A major challenge
during this process was to match the time of the modelled and measured peak flow of results, so
different lag times were adopted to overcome this limitation. This approach is consistent with earlier
studies [33]. This study adopted a lag time of 10 to 130 minutes to adjust the timing of the results.

d0i:10.20944/preprints202504.2127.v1
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Table 6. Summary of calibrated Events.
Peak flow | Total Volume | Lag time
Event ; NSE | PBIAS RSR
error (%) error (%) (minutes)
RORB Model Calibration Results
06/03/2023 -0.36 -1.4 40 0.63 -1.0 0.7
07/03/2023 0.89 1.97 25 0.56 2 0.7
24/04/2023 0.58 1.68 25 0.57 -0.5 0.7
17/06/2023 0.09 0.25 20 0.81 0.3 0.14
26/07/2023 0 0.6 55 0.62 1 0.56
MIKE + Model Calibration Results
06/03/2023 2.57 1.64 10 0.55 1.6 0.53
07/03/2023 0.89 1.97 15 0.65 2 0.69
24/04/2023 -0.38 -0.51 30 0.6 0.1 0.66
17/06/2023 0.05 1.2 20 0.77 0.8 0.55
26/07/2023 -4.1 4.7 65 0.66 4.7 0.69
Table 7. Summary of validation Events.
Peak flow | Total Volume | Lag time
Event : NSE PBIAS RSR
error (%) error (%) (minutes)
RORB Model Validation Results
25/02/2023 -0.15 -0.05 70 0.73 -0.05 0.71
05/03/2023 -0.01 0.08 60 0.55 0.1 1.01
17/04/2023 0.04 -0.03 20 0.76 -0.03 0.52
13/05/2023 0.00 1.41 130 0.89 1.4 0.33
03/07/2023 -0.50 -0.18 15 0.65 1.2 0.46
MIKE + Model Validation Results
25/02/2023 -0.01 -0.89 80 0.65 1 0.75
05/03/2023 -0.02 17.27 20 0.54 0.1 0.7
17/04/2023 0.32 -0.153 20 0.76 0.01 0.60
13/05/2023 -0.38 -0.51 130 0.74 -0.5 0.7
03/07/2023 -0.35 2.45 35 0.66 25 0.52

In the RORB fit run simulation, the Kc and initial loss (IL) were manually entered, and
continuous loss (CL) was adjusted by the model to match the simulated hydrograph. The kc value
was initially estimated using the built-in empirical equations, and the IL value was established using
regional reference results obtained from the ARR Data Hub. These parameters were fine-tuned using
a trial-and-error approach until the simulated and measured hydrographs were closely matched. The
median RORB-calibrated and validated parameters, such as m = 0.8, K¢ =2.8, IL = 15 mm, and CL =
3.27 mm/hr, were further used to generate rainfall design events, which were later used as boundary
conditions during the MIKE+ modelling.

MIKE+ calibrated and validated parameters, such as losses, infiltration capacity, and Manning
roughness coefficients, were tuned through trial and error until the measured flow matched the
simulated flow, as shown in Table 8.
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Table 8. MIKE+ calibrated and validated parameters against those adopted to develop rainfall design events.

Components Parameters Calibrated Value
Impervious Pervious
Steep Flat Low | Moderate High
Initial Loss 0.05 0.05 1 1to2 1to3
Wetting loss (mm) 0.1to1 1to2 1to3 1to4
Storage (mm) 0to 0.6 Oto1l Oto2 Oto3
Horton’s infiltration capacity (mm/hr)
Maximum (mm/hr.) 0 to 40 10 to 50 90 (20-90)
Minimum (mm/hr) 0to15 60 to 20 9 to 30
Horton’s infiltration exponent (/s)
Wet condition 0.0015 0.0015 0.0015
Dry condition 1E-10 1E-09 1E-08
Roughness- Manning
0.011 0.012 0.016 0.05 0.1

Coefficient (n)-s/m” (1/3)

3.2. Catchment Hydrological Characteristics

The calibrated MIKE+ model was run for the 3 IFD design events (1%, 20%, 63.2% AEP) under
three rainfall scenarios. Rainfall depth change was the only boundary condition that altered flow
during these simulations, while other parameters, such as land use change, were held constant. The
base case scenarios of PF and TRV results under different rainfall design scenarios are in Table 9. The
rainfall depth during moderate and major events was 29% and 48% higher, respectively, compared
to minor events. Additionally, the corresponding PF and TRV during moderate and major rainfall
events were 40% and 64% higher, respectively, compared to those during minor rainfall events. At
the same time, the critical time to peak flow was similar (30 minutes) for minor and moderate rainfall.
In contrast, the duration of major events was 25 minutes. Several other factors, such as watershed
characteristics and land use features, guide the critical time to peak flow for a catchment [50],
antecedent moisture [51], and hydraulic structures [11].

Table 9. PF and TRV alteration under different rainfall scenarios.

Design
AEPs/Critical Time | Rainfall Depth PF (m?/s) TRV —m?
(mm)
Minor (63.2% AEP),
Critical time: 30 33.71 3.63 7938.6
minutes
Moderate (20% AEP),
Critical time: 30 47 4 6.03 10,293.2
minutes
Major (1% AEP),
Critical time: 25 64.5 10.18 11,284
minutes
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3.3. PF & TRV Reduction Using Integrated Grey and Individual WSUD

The calibrated MIKE+ model was run for EIA reductions ranging from 10% to 100%, considering
all WSUD systems in the assessment. PF and TRV reduction are important parameters for assessing
the effectiveness of flood mitigation measures. The results showed a decrease in PF and TRV for the
test scenarios. PF and TRV reductions for different WSUD systems, along with their corresponding
EIA reduction scenarios, are presented in Figures 6 and 7 for Major, Moderate, and Minor rainfall
scenarios.

RB was the most efficient system, with PF and TRV reduction ranging from 0.9% to 41.9% and
6.7% to 46.2%, respectively. In contrast, BR was the worst-performing system, with PF and TRV
reductions ranging from -6.0% to 40.4% and 0.9% to 41.8%, respectively. The minimal or negative
results imply the increment in PF and correspond to a 10% EIA reduction. In contrast, the maximum
results were achieved with a 100% reduction in EIA. The individual WSUD systems’ PF and TRV
reductions follow an ascending order of BR < RG < IT < PP < RB. This result demonstrates that
retention-based systems, such as RB, are generally more effective than infiltration-based systems,
including PP, BR, RG, and IT.

Under all rainfall scenarios, 10% to 60% EIA reduction achieved positive results for PF and TRV
reduction for all types of WSUD. After a 60% EIA reduction, all WSUDs have either nominal or
constant efficiency. This was because the amount of runoff the WSUD system can attenuate was
insufficient relative to the increment in spatial area expansion to 100% EIA.

WSUD PF and TRV reduction efficiency for individual WSUD systems are sensitive to increased
rainfall extremes. Under minor and major rainfall, the PF reduction difference between the best-
performing and least-performing WSUD systems varies from 1.5% to 21.5% and 0.9% to 7.3%,
respectively. In contrast, the TRV reduction performance difference between the best and least
performing WSUDs during minor and major rainfall ranges from 5% to 16% and 1.5% to 3.9%,
respectively. The wide range of WSUD performance differences was due to significant alterations in
rainfall depth, specifically a 48% increase during major rainfall events compared to minor rainfall
events. The runoff received by the system during major events was almost 3 times larger than the
major design events compared to minor events. WSUD’s PF and TRV performance during major
events declined, implying rainfall design event selection is a critical factor in determining WSUD
performance for PF and TRV reduction, as highlighted previously [53].
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Figure 6. WSUD PF and TRV reduction performance of an individual WSUD system under different rainfall
scenarios (A = PF reduction under minor rainfall design event, B = PF reduction under moderate rainfall design
events, C = PF reduction under major rainfall design events, D = TRV reduction under minor rainfall design
event, E = TRV reduction under moderate rainfall design events, F = TRV reduction under major rainfall design
events).
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Figure 7. WSUD PF and TRV reduction performance of a mixed WSUD system under different rainfall scenarios
(G = PF reduction under minor rainfall design event, H = PF reduction under moderate rainfall design events, I
= PF reduction under major rainfall design events, ] = TRV reduction under minor rainfall design event, K =TRV

reduction under moderate rainfall design events, L = TRV reduction under major rainfall design events).

3.4. PF & TRV Reduction Using Integrated Grey and Mixed WSUD

The mixed WSUD approach combines diverse types of individual WSUD and improves flood
mitigation capacity [23]. The mixed WSUD PF and TRV reductions under different rainfall scenarios
for Engineers Park, along with the corresponding EIA reductions, are presented in Figure 7.

M1 and M4 are the best and least-performing mixed WSUDs for PF and TRV reductions. Mixed
WSUDs can be ranked in descending order by M1 > M2 > M3 > M4 for all rainfall scenarios. The
efficiency of their individual WSUD systems governed the overall ranking of mixed WSUDs’
performance, and an in-depth performance evaluation of individual systems is critical before
combining any system.

In contrast, this study did not find a noticeable PF or TRV reduction improvement, as found in
earlier studies [26,54,55]. Still, the improvement achieved during the simulations presented here by
combining WSUD approaches cannot be underestimated.

One significant contribution following the combination was a reduction in inconsistency in the
results relative to individual WSUDs. For illustration, the discrepancy in PF between the best- and
worst-performing WSUDs during major rainfall is 2.1%, with a 10% EIA for individual WSUDs,
which was reduced to 1.3%. Almost an 80% improvement was observed with the combination of
different WSUDs. The reduction in result inconsistency stabilises the performance of the combined
system under a broader range of uncertain scenarios, increasing its overall reliability.

However, the WSUD system combination also helps to reduce the increase in PF events, with a
small percentage of EIA reduction, particularly when <20% of EIA is achieved. For instance, an
individual WSUD system with an EIA of <20% typically observed a negative or less than 10%, which
was the most common. After combining various WSUD systems, positive results were observed,
despite a minimal reduction in EIA.

3.5. Flood Maps with Grey and WSUD Measures

We compared the flood mitigation performance of grey structures with that of the best-
performing individual and mixed WSUD systems. The flood maps display the results for the base
case scenario and after WSUD integration with grey infrastructure results, as illustrated in Figure 8.
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Figure 8. The best-performing individual and mixed WSUD systems result in an overlay inundation map with
a base case scenario under minor, moderate, and major rainfall scenarios. Here, (M = Individual RB with 100%
of EIA inundation result overlay over base case scenario results during minor rainfall design, N = Individual RB
with 100% of EIA inundation result overlay over base case scenario results during moderate rainfall, O =
Individual RB with 100% of EIA inundation result overlay over base case scenario results during major rainfall,
P =Mixed (M1) with 100% of EIA inundation result overlay over base case scenario results during minor rainfall,
Q=Mixed (M1) with 100% of EIA inundation result overlayed on the base case scenario results during moderate
rain, R = Mixed (M1) with 100% of EIA inundation result overlay over base case scenario results during major

rainfall).
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MWL alterations under three rainfall design events, with baseline, RB, and M1, are presented in
Figure 9. The maps show the water level variation ranging from 0.05 m to 0.76 m under different
rainfall scenarios. Runoff from impervious surfaces, such as roads, paved areas, and roofs, is
intercepted by nearby inlets and transported through a pipe network to the nearest drain. Under the
base case scenario, the MWL variation during minor rainfall scenarios can be observed at the channel
section. In contrast, water level variation propagates to the channels and the roadside as rainfall
increases. However, as rainfall amounts increase during major events, the water level rises further in
roadside areas, dead-end locations, and nearby hydraulic structures, such as culverts, at the study
site. On the other hand, after the application of RB, the MWL at the outlet was reduced by 6.8%, 8.6%,
and 20% during major, moderate, and minor rainfall, respectively. In addition, the MWL variation
after the M1 system was 0.27%, 0.06%, and 10.07% during major, moderate, and minor events,
respectively.

Maximum Water Level (m) at Channel outlet for Different rainfall Scenario under Base Case Scenario,
individual and mixed WSUD and Grey Infrastructure

1 mBase Case Scenario
ZRB
=M1

1N o o
> o ©

Maximum Water Level-Grey-WSUD (m)

o
N

1%AEP 20%AEP 63.2%AEP
AEPs

Figure 9. Engineers Park MWL variation at the outlet location, with a base case scenario, best individual and
mixed (RB & M1) WSUDs, and 100% EIA.

The number of flooded nodes, considering grey infrastructure and WSUD integration as
mitigation measures for different rainfall scenarios, is presented in Figure 10. The number of flooded
nodes was 8 and 20 during minor and major events under the base case scenario, respectively. After
the implementation of WSUD, the number of flooded nodes decreased by 30%, 11.1% and 62.5%
during major, moderate, and minor rainfall events, respectively. The node flooding reduction
efficiency of WSUD was better under minor and moderate rainfall conditions. However, during
major rainfall, nominal improvement was observed in the reduction of nodal flooding. The
comparative assessment of flooded node variation between rainfall scenarios for similar rainfall
design AEPs alters by 0 to 4. With increments in rainfall amount, the capacity of inlets/manholes and

pipes to deal with the inflow is reduced, initiating uncontrolled flow travelling along the roadside
areas [10,56,57].
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Figure 10. Engineers Park Nodal Flooding under the CC with Base case scenario and best individual and mixed
WSUDs (RB & M1) with 100% EIA.

The FEA/CA ratio is another valuable parameter for the results presented in Figure 11. The
FEA/CA ratio percentage ranges from 1.5% to 4% during the base case scenario, with the small value
corresponding to minor rainfall and the highest value corresponding to major events. However,
using RB in all houses decreased the inundated area by 0.3% to 1.1%. However, for a mixed WSUD
system (M1), the result was negative, indicating an increase in the inundated areas from 0.2% to 0.4%
within the catchment. Generally, the mixed system has effectively reduced flooding [28].
Nonetheless, it is a complex system whose performance depends on several factors, such as the types
of combinations. In this case, the mixed system combines RB and PP; the infiltration-based individual
system is unsuitable at this site, primarily due to increased runoff.

Flood Extent Area (FEA) to C. area (CA) per change with Grey and WSUD Infrastrcture
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Figure 11. Engineers Park FEA/CA with grey, individual and mixed WSUDs (RB & M1) with 100% EI.

4. Discussion

The primary objective of this work was to understand the flooding conditions in this small
tropical sub-catchment as the background to exploring the existing greywater infrastructure
performance during flooding and the possibility of adding WSUD options to improve mitigation.
Grey infrastructure is a potentially critical system for flood mitigation at the study site. This work
investigated how grey measures perform during various rainfall events in a small tropical catchment.

4.1. Grey Infrastructure Mitigation Performance

The results revealed that the performance of greywater infrastructure in mitigating floods
during major events is low. During major storms, greywater infrastructure underperforms, resulting
in less effective interception and transportation of the runoff generated. This condition resulted in
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excessive, uncontrolled overland flow along roadsides, overflow from culvert locations propagating
flooding to the nearest surrounding area, and flow accumulation at dead-end sections.

On the other hand, during minor rainfall events, most of the flow is concentrated in the channel.
This result implies that most of the runoff from the catchment is transported to the channel within
short periods during minor rainfall, thereby limiting the water losses (infiltration and retention)
during travel and increasing channel flow. As a result, greywater infrastructure contributes to the
propagation of flooding from one location to another, thereby concentrating the flow and
exacerbating the problem.

Furthermore, this study site is the most upstream section of the saltwater creek catchment. Due
to the short distance between the coast and higher-elevated areas, the grey measures in the catchment
quickly accelerate runoff from the catchment with minimal flow obstruction. The maximum flow
travel to low-lying, highly urbanised areas increases flooding severity and flashiness downstream
[12,58]. The flow at roadsides was deep, and the velocity was significant, reaching up to 3.5 m/s,
which can pose severe risks to vehicles during major rainfall events. This problem can be severe when
other coastal factors, such as tidal surges, coincide with major rainfall events that result in extreme
flows from the upstream catchment.

4.2. Grey Infrastructure Design: Philosophical Approach

Lately, approaches to improve the hydraulic capacity of existing greywater infrastructure or
integrate them with other novel flood mitigation techniques are being developed, as the existing
measures will not be able to handle the challenges of future rainfall conditions. Therefore,
authoritative bodies such as councils must reassess their approach to enhance the design process.
Such governing bodies must also reassess their approach, considering the new ARR 2019 guidelines.
The new ARR approach considers extreme events, employs an IDF-based design approach, and
incorporates climate change into the design of flood mitigation measures. However, there is also a
debate among the engineering community that adopting a new approach leads to a maximum cost
increment, oversizing, dysfunctional grey measures during dry periods and only contributes to shift
the location of flooding [12,58]. Therefore, the engineering community insists on following the
conservative approach suggested in the Old ARR to avoid this problem. In the meantime, other novel
mitigation measures, such as WSUD system integration, are being adopted in new design
philosophies to address future flooding challenges [26,27].

4.3. Individual WSUD Performance in a Tropical Sub-Catchment

The WSUD options tested here reduced runoff and diminished the inundated area and
uncontrolled flow at roadside areas. Reducing uncontrolled flow and inundated depth at roadsides
also decreases hazards to vehicles and people. In addition, on-site runoff control attributed to WSUD
also reduced the runoff transported to the outlet channel, thereby reducing the extra runoff pressure
on hydraulic structures, such as culverts, preventing overspilling from these locations.

Within the entire catchment context, WSUD implemented at Engineers Park helped minimise
flashiness, severity, and inundation in downstream low-lying areas. WSUD/s efficiency in
intercepting real-time onsite runoff from roofs, streets, and paved surfaces enhances infiltration and
retention, reducing excess runoff transported to the nearest drainage network. Applying WSUD
measures at this study site reduced flooding conditions at the site and in the whole catchment.

4.4. Mixed WSUD Performance in a Tropical Sub-Catchment

This study found that the combination of different WSUD systems improved the reliability of
the results, thereby reducing discrepancies. The combination of different WSUD systems enhances
the overall flood mitigation capacity compared to individual systems. This finding aligns with the
study conducted by [59]. This study observed a 10% peak flow reduction with green roofs (GR) and
bioretention basins (BR), which increased to 23% after combining RB, BR, and permeable pavement
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(PP). Similarly, the reduction in the flooding area for GR and BR was only 33%, which increased to
56% after combining RB, BR, and PP. The results highlighted that the increase in the WSUD treatment
train has a positive contribution to improving flood reduction capacity.

The combination of the WSUD system does not guarantee an increase in efficiency. A study
observed a rise in flood inundation areas with the combination of WSUD. A standalone detention
tank (DT) reduced the flooded area from 6% to 17% [60]. However, after combining DT with RB and
PP, the reduction of inundation was only achieved to 10% to 14%. Therefore, it is critical to
understand the individual efficiency of a WSUD system within a catchment before integrating the
different systems. For example, combining the least performing system with the best-performing
WSUD can improve efficiency. In this study, a catchment infiltration-based system is less preferred
than a retention-based system. The combination of infiltration systems might degrade the flood
reduction capacity. Therefore, integrating different WSUD systems must be carefully conducted to
achieve maximum benefit.

The positive result with the combination of WSUD can be a valuable finding for urban areas.
Urban areas have limited land spaces, and applying the best-performing WSUD system throughout
the whole catchment may not be feasible due to several reasons, such as topography, location, and
soil infiltration. These features of land use areas better support the implementation of mixed types of
WSUD systems, which can be utilised to address various kinds of WSUD systems and positively
contribute to reducing the flooding problem in the catchment.

4.5. WSUD Performance in a Tropical Sub-Catchment

Overall, the WSUD modelling showed promising results for this tropical catchment. A few other
studies, particularly in tropical catchments, have also shown promising results [54,55,61]. These
studies observed PF reduction for BR (35% to) [55], RB (22% to 68%), PP (0.2%-29%), VS (3.5%), IT
(7% to 32%) [55,62]. In addition, TRV reduction efficiency ranges from BR (35%) [55], RB (29%), PP
(12%), VS (0.9%), IT (32%)[55]. The flood reduction capacity of these measures ranges from 0 to 22%
[23,55]. Most of these studies observed a good reduction percentage, contributing positively to flood
reduction.

Although the WSUD inundation reduction is small, this value-added benefit has higher
significance, indicating that WSUD measures effectively intercept direct runoff from roof surfaces,
reducing roadway overland flow and runoff in channels across all rainfall scenarios. The reduction
in the inundated area was high during major rainfall. These results suggest the possibility of
rainwater harvesting. RB was the most efficient WSUD measure for this catchment. Runoff during a
wet period can be stored and reused during a dry period for cleaning, watering gardens or household
purposes. On the other hand, the reduction in the inundated area was almost nominal during minor
rain events. This result suggests that the amount of runoff during a minor event was already
insufficient, and the probability of flooding is minimal; therefore, adding WSUD measures does not
significantly improve flooding reduction.

Another critical aspect of the WSUD application is its contribution to reducing the maximum
water level (MWL) during major events, thereby reducing the inundation depth. From the results, it
can be observed that the most significant change in MWL occurred only for the minor design rainfall
event. WSUD is effective for minor design rainfall events but has little to no effect on PF and TRV
reductions for major events. This has an impact on the usefulness of WSUD in flood mitigation during
major events. Thus, this result implies that the WSUD system is not a bulletproof solution for flood
mitigation, especially during major rainfall events. Reasonably, integrating such measures with
others can enhance contributions; however, inefficiencies during major events can limit contributions
during these events.
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4.6. Factors Affecting WSUD Application in Wet Tropics

Retention-based systems, such as RB, hold runoff for shorter or longer periods to reduce PF and
TRV [63]. However, the existing soil type and underlaid metamorphic rock base at this study site
limited the infiltration capacity, reducing the performance of the infiltration-based systems.

On the other hand, the poorer performance of infiltration-based measures might be due to the
duration of the storm and the time that water was present in the catchment. For instance, if a rainfall-
runoff event takes 30 minutes to exit the catchment, water has 30 minutes to infiltrate the soil. At this
study site, which has a short width and sharp gradient change, the small catchment provides only a
limited time to initiate the infiltration mechanism. This significantly limits the performance of
infiltration-based systems compared to retention-based systems. In contrast, runoff in a large
catchment may take several days to travel from upstream to the outlet, allowing for a more extended
period for water to infiltrate into the soil.

Another critical factor limiting the PF & TRV reduction performance of an individual WSUD
system was EIA reduction. For example, during major rainfall events, WSUD was implemented in
less than 20% of the EIA, resulting in either a negative or neutral outcome. This implies that without
sufficient EIA decrease with the WSUD system, the PF reduction results achieved were less than 10%
or negative. However, a gradual improvement was achieved with increased coverage of WSUD and
up to 100% of EIA. For example, WSUDs such as BR and RG returned negative results with an EIA
reduction of <20%; this was due to a reversal effect on PF reduction observed with lesser coverage of
WSUD, particularly during major rainfall events [64]. With increased rainfall extremes, the WSUD
reversal effect becomes evident due to pore saturation, particularly in systems that utilise infiltration
as a functional parameter for runoff attenuation.

The WSUD runoff reduction ability under different rainfall scenarios correlated with the EIA
reduction [44,52]. This means that the gradual increase in EIA reduction from 10% to 100% improved
PF and TRV reduction for all types of WSUD. However, the performance of WSUD was altered for
each WSUD under different rainfall scenarios. For example, a WSUD EIA reduction of less than 10%
resulted in negative or nominal (<10%) PF and TRV increments relative to the base case scenario with
greywater infrastructure. The maximum PF and TRV reduction were observed with an increment in
EIA reduction up to 100%. However, all these systems suggested optimal PF and TRV results at an
EIA reduction of 40% to 60%. After 60% EIA, all WSUDs considered for the assessment were observed
to result in either nominal or constant reductions. This was because the direct runoff received by the
WSUD was limited, even after the spatial area coverage was expanded to 100%. An earlier study has
also reported similar types of results, claiming that maximum flood reduction can be achieved if 60%
of the EIA of the catchment can be practically reduced [52].

In contrast, even with a minor coverage of up to 10% EIA, TRV did not result in a reversal effect
relative to the case of PF reduction. Consequently, WSUD PF reduction performance was susceptible
to EIA reduction, and the types of WSUD selected were suitable for specific catchments compared to
TRV reduction. Notably, urban areas with limited spaces for the application of the WSUD system can
be integrated into the existing drainage system. A small area of WSUD application can benefit from
reduced flooding.

Besides EIA, the PF reduction capacity of any WSUD system is governed by the study site's
topographical properties. The retention-based systems outperformed the infiltration-based systems.
The selection of the wrong type of WSUD, neglecting topographic characteristics, might contribute
to the increasing reversal effect of PF and TRV reduction. Overall, the study emphasised the
importance of evaluating the many factors that affect WSUD performance in tropical climates.

The flood mitigation efficiency of WSUD infrastructure is critical to selecting rainfall design
events. The variation between minor and major design rainfall events in this study ranged from a
factor of 2 to 3. These results underscore the importance of selecting design rainfall events for WSUD
flood mitigation capacity [53]. Thus, the approach adopted in this study, which evaluates WSUD
under a wide range of rainfall event sizes, increases the likelihood of reliable mitigation measures.
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5. Limitations and Future Research

The DEM provided by the CRC was high-resolution and accurate. However, other data, such as
greywater infrastructure measures and details like depth and elevation, are missing for some
locations. These missing details were obtained by interpolation from the nearest known data.

Correct model set-up, calibration, and validation are fundamental for obtaining accurate
results—some of the significant limitations encountered during this modelling work. The water level
data used for model calibration and validation were collected only for a year, which is a potential
limitation. Additionally, only five events were measured to develop the rating curve. Furthermore,
the study catchment site lacks a rain gauge, necessitating the interpolation of rainfall data from four
nearby stations for model calibration and validation. Despite these challenges, the model calibration
and validation results range from fair to good.

On the other hand, the WSUD approach adopted during this study showed promising results.
These results could have been further validated with measured data from the WSUD systems] inflow
and outflow. Despite the absence of a WSUD system at our study site, our results can serve as a
preliminary guide for the future application of such measures in tropical regions and further validate
the current findings.

Future research should focus on how flooding patterns change in response to the impact of
climate change, including the effectiveness of existing flood mitigation measures. The impact of
climate change on WSUD performance needs to be assessed. Most of the study focuses on the WSUD
site-scale contribution; however, future research should also examine its catchment-scale
implications and the suitability of centralised or decentralised application approaches.

6. Conclusions

This largely model-based study assessed the flood mitigation capacity of existing greywater
infrastructure and several Water Sensitive Urban Design (WSUD) methods under various rainfall
scenarios for a small, wet tropical catchment in Cairns City, Queensland, Australia. The interactions
between runoff and the performance of the greywater infrastructure measures were evaluated under
various rainfall scenarios. Furthermore, multiple WSUDs were integrated with the existing greywater
infrastructure measures and assessed in comparison to base-case scenarios. It was found that the grey
infrastructure implemented for flood mitigation further propagated the flooding conditions. The
rainfall intensity is directly correlated with the peak and total runoff increment for the Engineers Park
catchment. Grey infrastructure measures underperformed during extreme events, resulting in
excessive overland flow, thereby propagating inundation.

In contrast, the existing measures were efficient during smaller rainfall events, transferring
maximum runoff from various locations within the catchment to the channel and thereby
propagating flooding. On the other hand, WSUD integration with greywater infrastructure has
positively contributed to reducing flooding conditions within the catchment, including PF, TRV,
node flooding, and the FEA ratio area, under all rainfall scenarios. The selection of individual WSUD
for Engineers Park followed the ascending order of BR<RG<IT<PP<RB. In the meantime, the mixed
WSUD measures suggest a descending order of M1 > M2 > M3 >M4, from best to worst. WSUD has
positively contributed to reducing flooding conditions; however, the performance of such measures
is influenced by several factors. With the major rainfall design events, these factors include spatial
coverage (20% EIA), WSUD selection considering local topographical characteristics, rainfall design
events, and climate change factors. Mixing different WSUD can positively mitigate this limitation;
however, it requires careful assessment of individual WSUD performance in specific catchments
before their combination.

Overall, WSUD has positively contributed to reducing flooding in this small catchment in a wet
tropical climate; however, careful consideration is needed when selecting the types of WSUD and
their combinations, as well as designing rainfall events. Based on the results of this study, this
research approach has laid the foundation for expanding the analysis to the entire catchment, of
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which the Engineers Park sub-catchment represents 1.7%. In addition, this studyls results can provide
a baseline for responsible bodies to decide whether to implement WSUD in this catchment and reduce
the impact of flooding.
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