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Abstract: Water scarcity, which is exacerbated by climate change, is a major challenge to ensure
human well-being. Therefore, it is equally important to protect conventional water resources from
degradation and at the same time to identify cost-effective alternatives with a low carbon footprint.
In this regard, stormwater plays a key role as it is a largely underutilised resource for both potable
and non-potable use. However, stormwater carries substantial loads of pollutants to receiving
waters such as rivers. Unfortunately, the lack of comprehensive stormwater quality modelling
strategies, which account for the effects of climate change, constrains the formulation of effective
measures to improve the quality of stormwater. Currently, there is a significant knowledge gap in
the merging of stormwater quality modelling and climate modelling. This paper critically reviews
current stormwater quality modelling approaches (quantity and quality) and the role of climate
modelling outputs in stormwater quality modelling. This is followed by the presentation of a robust
framework to integrate the impacts of climate change with stormwater quality models.

Keywords: climate change; stormwater modelling; stormwater quality; stormwater reuse;
water scarcity

1. Introduction

Urban stormwater is considered a nuisance because it causes flooding and has an impact on
aquatic ecosystem health [1-4]. This mindset overlooks the potential to transform stormwater into a
safe-to-use resource. While population increase and the impact of climate change exacerbate water
scarcity, authorities commonly continue to fail to see urban stormwater as the last available
uncommitted water resource for our cities. For example, in 2015, the Australian Senate recommended
formulating strategies to optimise stormwater management [5]. Nevertheless the National Water
Account for 2018 (Australia) disregarded treated stormwater as a source of recycled water [6]. The
significance of stormwater reuse is related not only to its contribution to meeting the water demand
in urban areas, but also to safeguarding conventional water resources [7,8]. Given the inevitability of
climate change effects on the amount of water resources available to urban settlements, Goonetilleke
et al. [9] have urged taking advantage of the opportunities offered by stormwater.

Turning this potentially valuable source of water into a safe-to-use resource requires the removal
of pollutants entrained in stormwater. To remove pollutants, understanding the processes that
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determine their loads/concentrations, including build-up on urban surfaces during dry weather
periods and wash-off during wet weather, is a fundamental need. Even though these processes have
been investigated under the influence of urbanisation [10-12], pollutant behaviour is subject to
variations due to the impacts of climate change [13]. Global warming (or more critically, regional
warming) results in changes to typical patterns of dry and wet weather periods [14-17], increasing
the complexity of changes in stormwater pollutant loads and their characteristics [17,18].

Most studies on the impact of climate change on stormwater only address the changes in runoff
quantity in response to changes to rainfall patterns [19-21]. Further, the studies that assess or develop
stormwater management measures such as Low-Impact Development (LID) mainly address the
control of runoff volume in response to climate change [22-27]. Only a limited number of studies
have highlighted the adverse impacts of climate change on stormwater quality [28,29]. However,
these studies fail to draw attention to the changes in the patterns of pollutant build-up and wash-off
during dry and wet weather periods. The paucity of information and guidance makes it difficult to
accurately predict future changes to stormwater quality essential for planning and management
decision making in the context of safeguarding stormwater quality and thereby enhancing its reuse.

Predicting stormwater quality is undertaken using mathematical models. The two primary
modelling approaches currently used are: (1) physically-based modelling, which replicates temporal
and spatial variations in stormwater quality using established physical theory; and (2) statistical
modelling for simulating approximations of scenarios subject to a set of observed (field) data. For
accurate stormwater quality predictions, the models are required to: (a) encompass robust physical
relationships between the changes in stormwater quality and influential factors; and (b) be able to
quantify uncertainty in model predictions [30].

Currently, neither (a) nor (b) as articulated above can be measured accurately. Regarding
requirement (a) above, the current mathematical formulations of stormwater pollution processes
consider dry and wet weather as a static system and do not allow for their dynamic nature resulting
from changes driven by global warming [31,32]. Consequently, the accuracy of such mathematical
formulations is questionable as weather altered by global warming can change the behaviour of
pollutants. For example, large amounts of particulate solids, which carry toxic pollutants, can
accumulate on impervious surfaces over longer dry periods, while heavy rainfall can wash-off
increasingly large shock-loads of pollutants into receiving waters, exceeding their assimilation
capacity. Regarding requirement (b) above, it is inevitable, given the limitations in requirement (a)
noted above, that current stormwater quality models do not account for uncertainties that can arise
due to the effects of global warming.

In short, stormwater treatment measures lack resilience given that global warming continues to
alter dry and wet weather patterns [17]. Hence, the receiving waters remain vulnerable to
degradation, and the availability of safe-to-use stormwater will be limited to fulfil the water demands
of cities.

This paper critically evaluates the current practices in stormwater quality modelling to identify
the changes needed to enhance stormwater quality prediction accuracy. Accordingly, current climate
modelling approaches are critically reviewed to identify key aspects of dry and wet weather
conditions that need to be accounted for in stormwater quality modelling. This review establishes the
platform for climate impact assessment within the context of urban stormwater quality modelling.

2. Current Practice in Stormwater Quality Modelling and Its Deficiencies

At a generic level, current stormwater models consist of two modules that operate
simultaneously (see Figure 1). The rainfall-runoff module generates information about runoff during
a rainfall event. The runoff quality module generates information about pollutant accumulation
(build-up) on catchment surfaces during the dry weather period and subsequent wash-off via
stormwater runoff [33].
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Figure 1. Schematic of the generic structure of current stormwater models (major deficiencies

identified are in red text).

The current stormwater models have been built based on either physically-based (mechanistic)
or statistical (or hybrid) modelling approaches. Both approaches have strengths and deficiencies and
the resulting models are likely to generate information on stormwater quantity and quality that may
not be sufficiently reliable. Hence, there is no stand-alone model that can accurately replicate the
entire process of stormwater pollution. For example, commonly used Stormwater Management
Model (SWMM) [34,35] and Model for Urban Stormwater Improvement Conceptualisation (MUSIC)
[36,37] are appropriate for planning and management decision making, but lack mathematical
formulations of complex interactions between pollutants that are accounted for in Hydrologic
Simulation Program-Fortran (HSPF) [38] model. Further, only a few models such as Mike URBAN
[39,40] and HSPF are capable of accounting for the processes of both, dissolved and particulate

pollutants. The capabilities and limitations of different modeling tools are detailed in Table 1.
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Table 1. Capabilities and limitations of commonly used stormwater quality modelling tools (adapted
from Wijesiri [41]).

Type Modelling Tool Capabilities Limitations
Ten different pollutants.
. . Does not account for pollutant
Stormwater Four build-up models: linear, power, . .
Management Model - - interactions.
exponential and saturation. .
(SWMM) developed by Lack of accuracy in process
. Three wash-off models: First order
the US Environmental replication.
Protection Agency decay, rating curve and event mean . .
. Does not facilitate uncertainty
[34,35] concentration (EMC). .
) . analysis.
Used as a planning and design tool.
Number of different pollutants in
both, dissolved and particulate
phases. . .
. . . Greater complexity in the
Linear and exponential build-up
Mike URBAN model structure.
models.
developed by the . Lack of accuracy in process
Danish Hvdrauli Wash-off model is based on pollutant o
anish Hydraulics . replication.
Institute [39,40] detachment due to the impact of . .
’ . Does not facilitate uncertainty
raindrops. .
. . analysis.
Integrated with the capabilities of
SWMM.
Used as a planning and design tool.
Six different pollutants.
9 Two approaches for build-up
] modelling: proportionality between
-] utant. d lated solid Does not account for pollutant
> ollutants and accumulated solids,
] Storage, Treatment, P ' ' interactions.
S Overflow and Runoff and linear build-up model as a Lack of .
@ ack of accuracy in process
= Model (STORM) function of time. - Y P
R~ developed by the US replications.

Corps of Engineers [42]

Wash-off modelling: first order
exponential decay (proportionality
between washed-off and remaining
pollutants).

Used as a planning tool.

Does not facilitate uncertainty

analysis.

Hydrologic Simulation
Program-Fortran (HSPF)
developed by the US
Environmental
Protection Agency [38]

Ten different pollutants in dissolved
and particulate phases.

Accounts for pollutant interactions.
Linear build-up models.

Wash-off models consider direct
proportionality between wash-off
rate of different pollutants and
runoff.

Used as a planning and design tool.

Lack of accuracy in process
replications.

Inefficient calibration.

Does not facilitate uncertainty

analysis.

Distributed Routing
Rainfall Runoff Model-
Quality (DR3M-QUAL)

developed by the US

Geological Survey
[43,44]

Four different pollutants.
Exponential build-up and wash-off
models.

Pollutant association with solids.

Used as a planning and design tool.

Does not account for pollutant
interactions.
Lack of accuracy in process
replication.
Does not facilitate uncertainty

analysis.
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Model for Urban - Three different pollutants.
Stormwater - Primarily a  planning  and
Improvement management  decision  support ) )
Conceptualisation " - Not a detailed modelling tool.
system.
(MUSIC) developed by Ay . ; wal Does not account for pollutant
: - ropriate or conceptua
Cooperative Research pprop p interactions.
Centre for Catchment modelling of stormwater pollution
Hydrology (CRCCH), mitigation strategies, and to evaluate

Australia [36,37] their performance.

- Generates probability distributions of runoff and pollutant loads using the

Derived probability probability distributions of rainfall characteristics and build-up and wash-off
distribution approach models.
—_ [45,46] - Facilitates to improve the conceptualization of pollutant processes.
o p P p p
= - Facilitates to develop stormwater quality control measures.
2
ket - Enhances model calibration.
»n
Bayesian approach with - Generates model parameters that optimise the model functions and
Metropolis algorithm probability distributions of those parameters.
[47]

- Facilitates to improve the conceptualization of pollutant processes.

- Lack of sufficient data for the model calibration may limit application.

In particular, stormwater quality predictions involve various types of uncertainty (due to model
structure, data, and parameters) because considerably fewer improvements have been made to the
stormwater quality module, compared to the improvements made to the rainfall-runoff (quantity)
module. This lack of advancement in stormwater quality modelling is because greater attention has
been paid to the mitigation of stormwater quantity-related adverse impacts (e.g., flooding) rather
than to improving stormwater quality for reuse [48].

The mathematical formulations included in the runoff quality module are adversely affected by
the effects of climate change because the patterns of pollutant build-up and wash-off could change
in response to changes in dry and wet weather periods. Therefore, the current mathematical
formulations of pollutant build-up and wash-off need enhancements in order to take into
consideration the effects of climate change.

Improvements to current mathematical formulations should first consider temporal and spatial
patterns of pollutant build-up and wash-off under dry and wet weather conditions influenced by the
regional effects of climate change. For example, several regions around the world are projected to
experience longer dry periods and more frequent short duration intense rainfall, which have already
become evident over the past decade [17]. Under these weather conditions, typical patterns of
pollutant build-up (e.g., asymptotic increase towards an equilibrium at around 7-9 antecedent dry
days) and wash-off (exponential decay) [49,50] could change as depicted in Figure 2. The pollutant
load accumulated is expected to remain at the equilibrium level over a longer period of time (blue
line in Figure 2) than typical dry weather events (red line in Figure 2). Consequently, the expected
changes to wet weather could result in wash-off of a large amount of accumulated pollutants over a
shorter period of time (blue line in Figure 2) than relatively slower wash-off that could occur during
typical rainfall events (red line in Figure 2). As such, while typical rainfall events would wash-off
only a fraction of accumulated pollutants, the rainfall events influenced by climate change could
wash-off almost all the accumulated pollutants from catchment surfaces. Further, lesser known
effects such as first-flush phenomenon (wash-off of shock loads of pollutants at the initial portion of
arainfall event, see Figure 3) would play a greater role in influencing the quality of stormwater runoff
at the catchment outlet.
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Figure 2. Pollutant behaviour during build-up and wash-off in response to impacts of climate change
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Figure 3. Hypothetical depiction of first-flush. Note: The Mass-Volume (M-V) curves show the

relationship between dimensionless M and V at a given point in time (t). As such, first flush occurs

when the M-V curve lies above the line of unity. M-V curve 1 shows first-flush during a typical rainfall

event, while M-V curve 2 shows first flush during a rainfall event affected by climate change (adapted

from Perera et al. [51]).
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3. Role of Climate Modelling Outputs in Stormwater Quality Modelling

Climate modelling entails the mathematical formulation and integration of energy and matter
transfer on the land, atmosphere and ocean. The outcomes of climate models (general circulation
models (GCMs)) indicate the probability of a given area having relatively warmer/cooler or
wetter/drier climate, which is different from typical weather reports of daily wet/dry conditions.

With the objective of broadening the understanding of climate change in the historical, current,
and future contexts, the Coupled Model Intercomparison Project (CMIP) brings together multiple
climate modelling groups from across the world. The CMIP makes standardised output of climate
models available for other researchers who are involved in climate change impact assessments.
Detailed information about CMIP phases can be accessed via World Climate Research Program
(WCRP) and the Program for Climate Model Diagnosis and Intercomparison (PCMDI) of the US
Department of Energy. Meanwhile, the most recent phase, CMIP6, provides information that may be
useful for the mathematical formulation of stormwater pollution processes under the effects of
climate change.

CMIP6 addresses three issues broadly related to the Earth’s climate system under 12 scientific
themes (clouds/circulation, regional phenomena, ocean/land/ice, impacts, scenarios, decadal
prediction, geo-engineering, land use, carbon cycle, chemistry/aerosols, characterising forcing, and
paleo) [52]:

Issue 1: Response of Earth’s climate system to radiative forcing: The radiative forcing
(difference between energy absorbed by and radiated back from the Earth) changes due to
natural/anthropogenic emissions. Consequently, land, ocean and atmospheric temperatures could
change, and in turn, variables such as precipitation could also change.

Stormwater quality perspective: Changes to dry and wet weather patterns are the two key
responses that need to be incorporated into the mathematical formulations of stormwater pollution
processes such as build-up and wash-off. Fundamental changes to the structure of current
mathematical functions are necessary due to changes to pollution processes (such as lengthy
equilibrium periods during build-up and intense first flush events that lasts for shorter periods
during wash-off, see Figures 2 and 3).

Issue 2: Systematic model biases: Climate models are expected to replicate complex climate
processes, which can exhibit substantial inherent variability, particularly at the regional scale. As
such, model biases are likely to arise, leading to over/under estimations of future climate.

Stormwater quality perspective: Current stormwater models already have deficiencies relating
to model structure, input and calibration data, and model parameters specific to underlying processes
such as coefficients of pollutant build-up and wash-off [53,54]. Understanding systematic biases in
climate models and minimising their effects are necessary when using climate projections for
stormwater quality modelling.

Issue 3: Assessment of future changes in climate under climate variability, predictability and
uncertainty in future scenarios: The future climate scenarios are developed based on the expected
changes to socio-economic systems that contribute to emissions. These scenarios are associated with
uncertainty, which are accounted for when undertaking climate impact assessments.

Stormwater quality perspective: Stormwater pollution processes can be influenced by the
variability in climate processes (precipitation and dry period), which leads to creating uncertainty in
stormwater quality projections. Therefore, it is also necessary to address the effects of such
uncertainty when projecting stormwater quality into the future.

Accordingly, five themes can be proposed (out of the 12 listed above) that have potential
implications for stormwater quality modelling. These include cloud/circulation, regional
phenomena, land use, scenarios and impacts. The outputs of the model intercomparison projects
(MIPs) under clouds/circulation theme [55,56] are a guide to identifying the appropriate climate
models that produce precipitation/dry period projections, which can contribute to stormwater quality
modelling (see Figure 4).
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Figure 4. Framework for incorporating various climate modelling outputs of Model Intercomparison
Projects (MIPs) under the proposed five themes into specific elements of stormwater quality
modelling. Note: CFMIP—Cloud Feedback Model Intercomparison Project [55]; DynVarMIP—
Dynamics and Variability Model Intercomparison Project [56]; GMMIP —Global Monsoons Model
Inter-comparison Project [57]; HighResMIP—High Resolution Model Intercomparison Project [58];
LUMIP—Land Use Model Intercomparison Project [59]; ScenarioMIP—Scenario Model
Intercomparison Project [60]; VIACS —Vulnerability, Impacts, Adaptation and Climate Services [61];
CORDEX—Coordinated Regional Downscaling Experiment [62].

The outputs of the MIPs under Regional Phenomena theme [57,58] provide key information on
the variability in monsoon system, which could substantially alter the length of dry periods (mega
droughts) and result in heavy storms and large flood events. These significantly exacerbate the
quality of stormwater, while flooding contributes to disperse pollutants across multiple areas.

In a recent study conducted in the North Australia region [13], the likely impacts of the climate
change-driven variations in dry and wet weather events have been demonstrated. Due to an increase
in atmospheric temperature by 1.5 °C (around year 2030-2052) above pre-industrial levels, North
Australia region is projected to experience (compared to year 2007) dry periods that are extended by
4.72 days (range of variation at RCP 8.5 warming scenario: 3.67-11.93 days) and increase in rainfall
by 0.31 mm (range of variation at RCP 8.5 warming scenario: 0—4.50 mm). These projections are set
to worsen due to an additional 0.5 °C increase in temperature (i.e., 2 °C above pre-industrial levels),
such that dry periods in North Australia can be 7.34 days longer (range of variation at RCP 8.5
warming scenario: 5.11-17.96 days) and the region can expect to receive 1.40 mm more rainfall (range
of variation at RCP 8.5 warming scenario: 0-5.58 mm). As a result of these projected changes in dry
and wet weather, Wijesiri et al. [13] estimated (compared to year 2007) a more than 90% increase in
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the build-up of particle-bound toxicants such as heavy metals and nearly a 50% increase in those
pollutants in stormwater runoff.

Given that extreme weather events mostly occur at smaller spatial scales, reliable climate
projections under this Regional Phenomena theme could be crucial for stormwater quality modelling
(see Figure 4), as stormwater quality exhibits substantial variability at catchment scale as well as
between geographic regions [12].

Furthermore, land use is a key determinant of the quantity and type of pollutants released into
stormwater runoff, although the effects of land use change have not been adequately accounted for
in current stormwater models [63]. On the other hand, anthropogenic activities specific to different
types of land use contribute to the emission of aerosols and greenhouse gases. This has implications
to the climate such as extreme droughts and heavy precipitation [64]. The outputs of the MIPs under
Land Use theme [59] play a key role in influencing the relationships between spatial and temporal
changes in land use/land cover that contribute to both, climate change (and its effects on dry and wet
weather) and pollutant accumulation on catchment surfaces (see Figure 4).

Various scenarios of how physical and human systems are expected to change in the future and
their impacts on the climate system are important for projecting future climate change. The MIPs
outputs under scenarios theme [60] provides climate projections of future scenarios of emissions and
land use change. These scenarios are developed based on future pathways of inherently uncertain
socio-economic developments, which also contribute to stormwater pollution, including pollutant
generation, deposition and subsequent re-distribution during dry weather periods and wash-off
during rainfall events. Therefore, the future climate scenarios could be the basis for projecting
stormwater quality into the future (see Figure 4) and in turn for designing robust measures to enhance
stormwater reuse.

Regarding climate impact assessment, usually a two-way dialogue is established between the
climate modelling community and those who expect to utilise model outcomes for assessing the
impacts on various human-environmental systems [61]. Further, one of the crucial elements of impact
assessment is downscaling of regional climate projections. This plays a key role in stormwater quality
modelling due to the regional variability in the factors that influence pollutant generation and
subsequent distribution during dry and wet weather events. Accordingly, the outputs of MIPs under
the impacts theme [62] provide a common framework to produce downscaled regional climate
projections and to assess associated uncertainties, which can be considered for stormwater quality
modelling to ensure the robustness in the projection of regional scale stormwater quality (see Figure 4).

4. Future Research Directions

Despite the call for actions towards the mitigation of the impacts of climate change [65], urban
areas are still far from ensuring human well-being and the safety of ecosystems. In relation to
stormwater, there are two major areas of research being undertaken, namely, flood mitigation and
stormwater treatment. Efforts to predict flood events and identifying flood-prone areas have at least
started to address the effects of changing weather patterns [66-68]. However, research on stormwater
treatment is still largely focused on resizing existing treatment measures such as Water Sensitive
Urban Design (WSUD) systems. For example, Zhang et al. [69] report that the treatment performance
of WSUD systems would not significantly change in future climate change scenarios, and recommend
slightly larger systems for reliable performance. However, they have only accounted for the impact
of simulated future weather patterns on the volume of stormwater runoff. There is a knowledge gap
in the accounting of how these simulated rainfall and dry periods influence pollutant behaviour on
urban impervious surfaces, and in particular, phenomena such as first flush. As such, the current
state of research on stormwater treatment does not affirm the resilience of these systems, without
which they would be ineffective in the long-term in response to climate change. Therefore, a
significant step change is necessary in terms of merging stormwater and climate research outcomes,
rather the application of resources for simply improving available technologies.
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5. Conclusions

This review has identified deficiencies in existing stormwater quality models in relation to
addressing the effects of climate change. As such, it is recommended that: (1) the rainfall-runoff
(quantity) module should be incorporated with mathematical formulations of the changes to the
characteristics of rainfall and dry periods (frequency, intensity and duration) caused by
global/regional warming; and (2) the runoff quality module should be incorporated with
mathematical formulations of the potential changes to the patterns of pollutant accumulation (build-
up) and wash-off. Additionally, the runoff quality module needs significant improvements due to
the complex behaviour of pollutants in response to climate-change-influenced changes to dry and
wet weather events. Therefore, five themes within the latest phase of CMIP (CMIP6) are proposed as
a basis to account for the effects of climate change on stormwater quality. Collectively, the five themes
(cloud/circulation, regional phenomena, land use, scenarios and impact assessment) are expected to
provide guidance for accounting for the changes to dry and wet weather patterns by radiative forcing
under various future socio-economic developments (future climate scenarios), effects of systematic
climate model biases on climate projections, natural variability in climate processes, and uncertainties
in climate projections, in the formulation of technically robust stormwater quality models.
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