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Abstract: Green roofs (GR) are known as one of the most effective water-sensitive urban design
(WSUD) strategies to deal with numerous environmental and social issues that urbanized cities
face today. The overall quality of research on GRs has significantly improved and an increasing
trend is observed in the amount of research over the last decade. Among several approaches, the
application of modeling tools is observed to be an effective method to simulate and evaluate the
performance of GRs. Given that studies on GRs at a catchment scale are limited, this paper aims to
provide a simple but effective framework for estimating the catchment-scale impacts of GR on runoff
quantity and quality. MUSICX, an Australian-developed software that possesses the advantages
of a conceptual model, is chosen as the modeling tool in this study. While MUSICX has built-in
meteorological templates for Australian regions, this tool also supports several climate input file
formats for application by modelers in other parts of the world. This paper presents two different
modeling approaches using the Land Use node and Bioretention node in MUSICX. The steps used
for model calibration are also provided in this paper. The modeling results present the annual
reductions in runoff volume, total suspended solid (TSS), total phosphate (TP), and total nitrogen
(TN) load. The largest reductions of roughly 30% per year were observed in runoff volume and
TN load. The annual runoff reduction rate reported in this study is close to that of other published
results. Similar research outcomes quantifying the benefits of GRs play a major role in facilitating the
widespread implementation of GRs due to the awareness of both positive and negative impacts of
GRs. Future studies are recommended to concentrate on modeling the impacts of implementing GRs
at a large scale (i.e., scales exceeding the single-building scale) to fill the research gaps and enhance
the modeling accuracy.

Keywords: green roof; eWater; MUSICX; runoff quantity; runoff quality; large-scale implementation

1. Introduction

Rapid urbanization and population growth have become rising global concerns. They
challenge the existing urban infrastructure and cause several social and environmental
issues. One of the most pronounced impacts is the significant increase in the impervious
surface in built-up areas. In terms of stormwater management, it causes more flash flooding
in terms of increasing frequency and intensity and the pollution of stormwater runoff to
receiving water channels. Additionally, the reduction in vegetation cover results in the
urban heat island (UHI) effect due to more significant solar heat absorption, the degradation
of natural habitat, and loss of biodiversity. As a result, an appropriate solution is required
to address the concerning situation.

Among various green infrastructure (GI) practices, green roofs (GR), also known as
living roofs, which have recently been introduced, offer a variety of ecosystem services.
The temperature and stormwater runoff volume reductions have been widely documented
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as GR benefits [1–3]. Other GR services include enhancing runoff quality, mitigating
air and noise pollution, recovering urban ecology, and improving social and economic
aspects. GRs are generally divided into two main groups: intensive green roofs (IGR) and
extensive green roofs (EGR) with a substrate depth of more than 30 cm and less than 15 cm,
respectively [1,2]. Each type of GR is suitable for specific purposes and site conditions
based on their different advantages. While IGRs support a wide range of plants and prevail
over EGRs in terms of ecosystem services, EGRs are a lighter system that can be widely
implemented due to their affordability, less maintenance, and easy installation without
structural reinforcement [2,4–6]. Semi-intensive green roofs (SIGRs), which have a 15 cm to
30 cm substrate thickness, are a combined GR system that takes advantage of both EGR
and IGR [1].

Some attempts have been made to integrate GR with other systems. This combined
system is described as “hybrid GR” in this paper. One of the noteworthy hybrid GR systems
is the photovoltaic GR (PV GR), which was studied by Hui and Chan [7] and Chemisana
and Lamnatou [8]. Whereas Hui and Chan [7] found the surface temperature (Ts) of a
PV GR was 5 ◦C cooler than that of the traditional GR due to the shading effect of the PV
panels, a substantial difference of 14 ◦C between the PV GR and the concrete roof was
monitored by Chemisana and Lamnatou [8]. An improved electricity productivity from the
PV panels, which is believed to be due to the cooling effect of the GR, was also detected.
Another integrated GR system is the blue GR initially introduced in South Korea. This
system has the same design as the conventional GR except for a larger storage layer. The
runoff outflow from the blue GR was 0.1 L/s compared to 0.3 L/s from the normal roof in
the study of Shafique, et al. [9]. Additionally, the combination of GR and green wall brings
outstanding thermal and energy reductions as compared to stand-alone GR systems [10–13].
In spite of the above-mentioned improvements, studies on GRs are insufficient and further
research is required before making firm conclusions regarding their use.

Though GRs have been well-studied for decades to quantify the numerous ecosystem
services that they provide, the implementation of GRs still remain restricted by barriers
and challenges. More specifically, the lack of local GR research, especially in developing
countries due to costly GR installation, could make building owners and authorities un-
aware of GRs’ benefits [1]. Another noticeable constraint is the safety concern regarding
the weight of a GR system. Given that most of the urban area consists of existing buildings,
the retrofitting of GRs must be carried out by considering whether any structural reinforce-
ments are required or not. Moreover, there exist many ambiguities and uncertainties about
the capabilities of GRs. Nguyen, Muttil, Tariq and Ng [3] pointed out that published results
of GR services were inconsistent in different studies. Those issues need to be resolved
by future research that is conducted locally to match with specific climate characteristics.
Valuable information from local research is prerequisite to motivate policy makers issuing
financial incentives regarding GR application. Addressing all of the discussed problems
contributes to the feasibility of the widespread implementation of GR.

Applying simulation tools is a well-known approach to investigate the effectiveness
of a GR system before the actual implementation at a building scale or even at a catchment
scale. They inform investors and other stakeholders about what gains and losses GRs
can generate and then contribute to the decision-making process. Simulation tools are
extensively used to study the relationship between GR parameters. They are also able
to model building-scale GR behaviors as compared to its actual performance to analyze
the model accuracy. In contrast, a relatively smaller number of studies were conducted
to assess the effectiveness of GR at large scales [3]. In this study, the term “large-scale”
refers to studies considering the application of GRs at scales that exceed the single-building
scale, such as the city-wide scale, municipal scale, or catchment scale. Significant efforts are
required to stimulate the thorough adoption of the GR concept as a part of water-sensitive
urban design (WSUD).

Existing models are generally distinguished according to different approaches includ-
ing the empirical-based rainfall–runoff (R–R) relationships and conceptual physics-based
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numerical models [14,15]. Each of them has its own advantages and disadvantages and
requires a comprehensive understanding to apply them in particular circumstances and
purposes. The principle of the conceptual model is the conceptualization of physical
rainfall–runoff processes; hence, each parameter is responsible for components of the physi-
cal process. Therefore, conceptual models are suitable for different levels of users primarily
due to their simplicity [14]. However, the limitation of conceptual models is that they need
to be properly calibrated to produce accurate results. On the other hand, physics-based
models such as HYDRUS are more complicated with a significant number of parameters;
thus, they produce outputs at a high level of accuracy. Nevertheless, the complexity of
these models leads to several computational constraints and difficulties for non-modeling
users [16,17]. While they are ideally suited for detailed design, conceptual models are
preferably used for conceptual-level planning [18]. In general, none of the models clearly
prevail over others and the vast majority of them must be well calibrated against climate
conditions in the area of interest [16].

Among several available tools, the Model for Urban Stormwater Improvement Con-
ceptualization (MUSIC) is Australia’s most popular stormwater management tool [18]. In
spite of MUSIC’s extensive use in Australia, the application of this tool for GR research
is limited. Table 1 illustrates some recent studies that have used MUSIC, with only two
of them simulating GRs. This could be because of MUSIC’s lack of a built-in module
for modeling GRs. Some recent studies include those undertaken by Hannah, et al. [19]
and Liebman, et al. [20], which provide valuable information and a foundation for future
studies. MUSIC with built-in Australian meteorological and climate data is suitable to
assess impacts of WSUD systems as part of preliminary design at a catchment scale [16].
MUSIC, a conceptual model, has advantages over complex physics-based models due to
its simplicity and low computational requirements, allowing modeling of large-scale GRs
and long-term continuous simulations [17,21]. Although MUSIC is designed with in-built
meteorological data templates for Australian regions, it can also be applied anywhere in
the world where appropriate climatic data are available. This includes sub-daily rainfall
data (ideally at a 6 min timestep but other timesteps including 5 min, 10 min and hourly
are available). The model has been applied in Singapore, Israel, China, Malaysia, and other
countries (personal communication, Dale Browne, 2022). Therefore, MUSIC models can be
applied internationally with appropriate local climatic data.

Considering the above-discussed gaps, many opportunities exist for future research,
which motivates the present study. This research aims to test the performance of green
roofs using available industry software (namely MUSICX, which is an upgraded version
of MUSIC) to deliver on relevant stormwater management objectives at a campus level.
Specifically, MUSICX models are developed to evaluate the effectiveness of installing
GRs on all building rooftops at the Footscray Park campus of Victoria University (VU),
Melbourne. The performance of large-scale campus-wide implementation of GRs was
assessed through the reduction objectives for runoff volume and runoff quality as set
out in the Environment Protection Authority (EPA) Victoria guidelines. EGRs are chosen
in this study due to numerous well-documented benefits provided by the widespread
implementation of such GRs. Although eWater MUSICX can model the stormwater runoff
from many types of urban surfaces such as paved roads, roofs, and landscapes, there is no
built-in module or package in MUSICX to model GRs. Subsequently, the outcomes of this
study will contribute to understanding the impact of GRs in terms of runoff quantity and
quality at a catchment scale. The widespread application of GRs would cost a lot in terms
of effort and investment; consequently, it requires sufficient technical information from
such studies to foresee the potential gains and losses [22]. Given that MUSICX has some
limitations due to its conceptual nature [18], the selection of this tool is mainly based on the
primary research aim of introducing a simple approach to assess the impacts of GRs that
can provide accurate results, especially at the initial stage of conceptual design. Moreover,
the framework proposed in this paper could be easily included in decision-support tools
that can be used by different stages of decision making [23].
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Table 1. A summary of application of MUSIC in recent studies.

Study Location Type of WSUD Treatments Reduction in
TSS/TP/TN (%) Flow Reduction (%)

Zhang, Bach,
Mathios, Dotto and

Deletic [21]

Brisbane/Melbourne/Perth,
Australia

Bio-retention cells, wetlands,
and ponds 85/60/45 N/A

Ghofrani, et al. [24]
Tarwin Lower, South
Gippsland, Victoria,

Australia

Rainwater tanks, bio-retention
cells, vegetative swales, and

infiltration systems
94.4 16

Noh, et al. [25] Cameron Highlands,
Pahang, Malaysia

Wetlands, bio-retention cells,
on-site detention, sediment

basin, and gross
pollutant traps

65–83/52–78/40–66 N/A

Schubert, et al. [26]

Little Stringybark
Creek (LSC) watershed,

Melbourne, Victoria,
Australia

Rainwater tank, infiltration
systems, and bio-retention cells N/A

60 for storms ≤2 h and
30 for storms >2 h and

≤12 h

Montaseri,
et al. [27] ACT, Australia

Swales, rainwater tanks,
bio-retention cells, infiltration

system, and wetlands
80/75/70 N/A

Hannah, Wicks,
O’Sullivan and de

Vries [19]

Bannockburn, Central
Otago, New Zealand Green roof 73.9/–12.9/87 62

Liebman, Wark and
Mackay [20]

Western Sydney,
Australia Green roof N/A

22 and 56 for 12.5% and
37.5% GR coverage,

respectively

2. Methodology
2.1. Site Description

Victoria University’s (VU) Footscray Park campus is located in the western suburbs
of Melbourne. The city of Melbourne has a temperate oceanic climate (Köppen climate
classification Cfb). It has warm summers and mild winters with an average annual pre-
cipitation of around 600 mm. Experimental GR plots were successfully constructed on the
roof of Building M at VU’s Footscray Park campus during the end of 2020. These GRs are
an initial stage of a project aimed at developing the university into a green, sustainable,
and climate-smart campus. Figure 1 illustrates the GR plots, indicating the area, layout,
types of vegetation, content of the growing media, and the constructed green roof itself.
Specifications of these actual GRs will be taken for modeling purposes (details of which are
presented later). Though some hydrologic parameters of the plots cannot be determined,
this research attempts to calibrate the MUSICX model as close as possible to the actual
constructed GR.
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Figure 1. Details of green roof plots on Building M at Victoria University’s Footscray Park Campus:
(a) Green roof design, (b) Actual constructed green roof.
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Table 2 provides detailed information about the VU campus’s catchment characteristics.
Figure 2 further describes the VU campus’s existing plan by providing information about
flat roof area, landscape area, and the existing stormwater drainage system. The VU campus
has a total roof area of 22,018 m2; however, only 13,159.5 m2 are available for potential GR
installation. The estimation of the potential GR area is based on the aerial image provided
by the Google Earth database. Only flat roof areas are considered as potential GR areas. The
area suitable for GR is further calculated by considering existing fixtures and footpaths for
GR maintenance access. Effective impervious area (EIA), which is an important parameter
in MUSICX, is the impervious area effectively connected to a drainage system. EIA is
recommended to be adequately estimated with accurate drainage-system details. Since
such data are missing, the EIA value of 0.7 for education public use zones from the MUSIC
guidelines of Melbourne Water [28] was used.

Table 2. Catchment characteristics of VU’s Footscray Park Campus.

Catchment Characteristic Area (m2)

Total Roof Area 22,018
Total Flat Roof Area 15,873
Potential GR Area 13,159.5

Roof Area Without GR 8858.5
Pervious Area (Landscape) 8526

Impervious Area (Road, Paved Pathway, etc.) 26456
Effective Impervious Area 18,519.2

Pervious Area + Ineffective Impervious Area 16,462.8
Total VU Catchment Area 57,000
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Park Campus.

2.2. Data Collection

Though MUSICX has a built-in rainfall template for Melbourne, it is strongly recom-
mended to use local climate data for accurate modeling. Melbourne Water [28] suggested
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the input of pluvial data at a 6 min timestep for a minimum of 10 years. The average
monthly potential evapotranspiration (PET) data are also an input into MUSICX. The plu-
vial data are collected at the Melbourne Regional Office—weather station 86071 (37.81◦ S,
144.97◦ E), which is 6 km away from the area of interest, VU Footscray Park campus. The
required PET data were extracted from the closest grid to the coordinates of station 86071
to match the 6 min pluvial data at the previous step. The spatial resolution of the gridded
PET data is 0.1 degrees or approximately 10 km. Pluvial and PET data for 50 years from
1960 to 2010 were taken to ensure 100% of the data availability.

2.3. Proposed Framework

Figure 3 presents the proposed framework for developing a GR model using eWater
MUSICX for evaluating the performance of GRs at a large scale in terms of runoff quantity
and quality parameters.
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Figure 3. A framework for evaluating the performance of large-scale green roofs in terms of runoff
quantity and quality.

The following sections explain the required input data, the data sources, and the
identification of parameters for model calibration.

2.3.1. Simulation Settings

As indicated earlier, MUSICX with numerous improvements in the modeling algo-
rithms when compared to the classic MUSIC version was chosen to be used in this study.
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There exist no obvious advantages of a model over another, and the accuracy of both
conceptual and physical hydrological models must be assured by proper calibrations [16].
On the other hand, among existing GR plots at the VU campus, the chosen one has a
150 mm substrate; a mixed substrate of Light Expanded Clay Aggregate (LECA) (80%),
mulch (15%), and coir chips (5%); a geofabric filter layer; and a drainage layer comprising
VersiDrain drainage trays and Atlantis Flo-cell. Figure 4 illustrates a cross-section of the VU
GR system used for modeling inputs. The VU GR is designed to be a lightweight system
with innovative products. LECA is a lightweight material with a high capacity of water
absorption. Atlantis Flo-cell is a light-weight product to provide structural support and
water storage. The light-weight VersiDrain trays enhance the drainage layer by storing
more than 11 L of water per square meter.
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The 50-year rainfall and PET data from 1 January 1960 to 31 December 2010 were
selected for the simulation. This period meets the requirements of Melbourne Water [28]
MUSIC guidelines in terms of data quality, data availability, and minimum data period. The
6 min rainfall data from BoM for the chosen period are shown in Figure 5. The following
sections describe the calibration process of the model through a variety of guidelines and
values reported by other scholars. The flow data and substrate hydraulic characteristics
obtained from soil testing are missing in the present study and would be part of future
work that would be undertaken to improve the model’s validity.
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2.3.2. Land Use Node Approach

A land use node is a basic node in MUSIC. This type of node is not a treatment node and
cannot be used to treat stormwater runoff. The reason for choosing this node to model GRs
is its capability to modify the physical characteristics of the GR substrate. More particularly,
its setting allows users to input parameters to reflect the hydrological performance of the
substrate used, such as the field capacity (FC) and soil storage capacity (SSC).
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The calibration of the pervious area parameters based on soil properties (Table 3) for
MUSIC inputs is guided by Macleod [29]. This study has become a useful guideline for
calibrating soil-related parameters in MUSIC at a base level in the case of unavailable
on-site flow data [20,30]. The soil information in Macleod [29] was obtained from in-field
tests and available soil data from previously published results.

Table 3. Soil characteristics for the green roof in MUSIC’s land use node.

Parameter Value Reference

Soil Moisture Storage Capacity
(mm) 29.46 [29]

Field Capacity (mm) 26.71 [29]
“a” coefficient (mm/day) 200 [29]

“b” coefficient 3 [29]
Daily Recharge Rate (%) 90 [29]
Daily Baseflow Rate (%) 5 [29]

The substrate used for GR plots at the VU campus has a thickness of 150 mm and
is a mix of Light Expanded Clay Aggregate (LECA), coir chips, and mulch. LECA is a
light-weight material with a high capacity for water absorption. SSC and FC are computed
with respect to “Light Clay”, which is dominant in the VU GR substrate. A value of
200 mm/day for the coefficient “a” is the MUSIC default value and is suitable for the
moderately-structured clay. A value of 3 for “b” is used, corresponding to the single-
grained light clay. The daily recharge rate indicates the percentage of excess water above
FC that is drained to the layer below the substrate (drainage layer of GR) on a given day.
A daily recharge rate value of 90% of “a” is suitable for GRs with a shallow and rapidly-
drained substrate. The daily baseflow rate describes the percentage of groundwater (water
in the drainage layer of GR) that flows into local water bodies daily. Given that soil textures
identify “b” values from Macleod [29] and the definition of “b” is not developed for a
non-soil drainage layer of GR, a very small value of 5% is used to present no outflows
unless the drainage storage is full of water.

Since there are no modifications for the nutrient content of the GR substrate in the
land use node, the only solution to produce reliable runoff quality results is to input the
pollutant concentration data for the urban surface type of landscape. Pollutant concentra-
tion parameters of the GR land use node are taken from the Melbourne Water [28] MUSIC
guidelines. Other important pervious and impervious parameters for the Melbourne area
are also obtained from the same guidelines.

2.3.3. Bioretention Node Approach

In general, GR and bioretention systems share a similar concept and design. They
both have water surface storage, a planted soil layer, and a drainage layer [31]. They also
provide huge benefits for stormwater absorption and filtration [32,33]. Bioretention has a
thick substrate and a great detention depth with 0.1–0.15 m of topsoil layer above 1–1.25 m
of engineered substrate layer [34]. Conversely, GR, especially EGR, has a nominal detention
depth and a shallow substrate, which are only favorable for the growth of drought-tolerant
plants. Though the bioretention node is the closest available treatment node to GR, this node
requires extensive modifications to reflect the hydrological performance of a typical GR.

TN and orthophosphate are not only essential for plant establishment but also the
source of pollutants leaching from the GR or bioretention systems. Payne, et al. [35] recom-
mend limiting the content of TN and orthophosphate below 1000 mg/kg and 80 mg/kg,
respectively. Without soil nutrient information, TN and orthophosphate contents of
400 mg/kg and 40 mg/kg were considered sufficient by Mainwright and Weber [36].
These minimal values could interfere with the establishment of plants within a bioretention
system. Nevertheless, they would probably be adequate for GRs, largely due to their lower
organic content. The nutritional characteristics of GR substrates used in other studies were
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also found and are summarized in Table 4 for further justification. The nutrient content
values were chosen within the range reported in Table 4 and appropriate for the VU GR
substrate composition (no added fertilizer and minimal compost by hardwood mulch). It is
noteworthy that the GAF substrate in [37] contains a very high initial P concentration. Ad-
ditionally, the substrates used in [38,39] have high TP values caused by the high percentage
of compost from animal waste.

The saturated hydraulic conductivity (SHC) for a bioretention system ranges from
100–300 mm/h in the Facility for Advancing Water Biofiltration (FAWB) guidelines [35].
Given that the growing medium gradually becomes compacted and accumulates sediments,
50% of the recommended SHC should be applied [36]. However, GR is a very shallow
substrate with a far higher SHC than bioretention. Numerous papers reporting SHC values
of different substrates were identified to justify the calibration of SHC for modeling GR
in MUSIC (Table 5). Most of them are derived from laboratory experiments. Considering
expanded clay as the dominant part in the VU substrate mix and its reduction over time,
700 mm/h of SHC was inputted into MUSIC modeling. The SHC value for GR is remarkably
higher than that for bioretention, which facilitates water infiltration to avoid water flow
and ponding on the surface even in heavy rainfall [40–42]. A value of 700 mm/h is within
the range of 36 to 4200 mm/h recommended by the FLL German guidelines [43], whereas
150 to 2500 mm/h is the satisfactory range for a GR substrate [44].

Table 4. Nutritional characteristics of green roof substrates reported in other studies.

Study Total Nitrogen (mg/kg) Total Phosphorous
(mg/kg) Substrate Composition

Kotsiris, Nektarios,
Ntoulas and Kargas [38] 132/250/36 56.68/202.8/8.90

Pumice, peat, and clinoptilolite zeolite
(65:30:5)/pumice, compost, and zeolite
(65:30:5)/sandy loam soil, perlite, and

zeolite (30:65:5)

Nektarios, Amountzias,
Kokkinou and
Ntoulas [39]

180/240 116.6/125.1

Pumice, perlite, compost, and
clinoptilolite zeolite (50:20:20:10)/Soil,

pumice, perlite, compost, and
clinoptilolite zeolite (15:40:20:20:5)

Harper, Limmer,
Showalter and Burken [37] NA 60/46 and 219/212

(Fresh/9 months old) Arkalyte/GAF

Arellano-Leyva, et al. [45] NA 23.50/37.10
Gravel, volcanic rock mixed with clay,
coconut fiber, compost, and soil with

sandy loam texture

Table 5. Saturated hydraulic conductivity values for different substrate types as reported in the literature.

Study Saturated Hydraulic
Conductivity—SHC (mm/h) Substrate Composition

Sims, et al. [46] 604.8
Expanded shale (coarse and fine) 50%, compost
(bark and peat moss) 25%, and sand, limestone,

and expanded clay

Voyde, et al. [47] 1224
Pumice 4–10 mm (20%), pumice 1–7 mm (20%),

Expanded clay (40%), and composted bark
fines (20%)

Hakimdavar, Culligan, Finazzi,
Barontini and Ranzi [44] 756 Expanded-shale-based

Hamouz, et al. [48] 1432 LECA-based
De-Ville, et al. [49] 2100 LECA (80%), loam (10%), and compost (10%)

Arellano-Leyva, López-Portillo,
Muñoz-Villers and Prado-Pano [45] 351.8 ± 275.9/571.1 ± 290.9 Gravel, volcanic rock mixed with clay, coconut

fiber, compost, and soil with sandy loam texture
Todorov, et al. [50] 17,000, 1080, 684 (2009, 2010, 2012) NA

Palermo, Turco, Principato and
Piro [40] 0, 1667, and 1250 (min, max, value) A mineral soil with 74% gravel, 22% sand, 4% silt,

and clay
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Other parameters were adjusted to properly model GR, including the lined base, zero
exfiltration rate, underdrain present, minimal extended detention depth, and unlined filter
media perimeter. From MUSIC V6 and MUSICX, a new algorithm using a ratio called “PET
scaling factor” has been developed based on field experiments on biofilters. This ratio
allows the precise prediction of PET values, which vary seasonally. The MUSIC default
value of the PET scaling factor is 2.1, which is taken from Carex in greenhouse conditions.
A smaller ratio of 1.5 was selected in this study to correspond to low-water-use plants on
GRs. Table 6 describes the input values for the bioretention node representing the GR.

Table 6. Soil characteristics for the green roof in MUSIC’s bioretention node.

Parameter Value Reference

Saturated Hydraulic Conductivity (SHC) (mm/h) 700 [28,35,36]
TN Content (mg/kg) 200 [35,36]

Orthophosphate Content (mg/kg) 30 [35,36]
Is base lined? Yes NA

Exfiltration Rate (mm/h) 0 NA
Underdrain Present Yes NA

Extended Detention Depth (m) 0.05 NA
Unlined Filter Media Perimeter (m) 0.01 [36]

Vegetated with Ineffective Nutrient Removal Plants Yes NA
PET scaling factor 1.5 NA

3. Results
3.1. GR Land Use Node

Figure 6 illustrates the MUSIC layout of green roof modeling based on the land
use node. Due to the lack of a particular treatment node, two separate diagrams in the
same model were created for the performance comparison. One including a source node
representing the green roof has a receiving node called “Treated”. The other, describing
different surface types at the VU campus catchment without green roof treatment, is
finished with a receiving node called “Untreated”. The results from these two receiving
nodes, “Treated” and “Untreated”, are presented in Figure 7. As expected, the “Treated”
node completely outperformed the “Untreated” one. The presence of green roofs brings
significant benefits, especially the reductions in flow volume and TN load of 29.29% and
28.23%, respectively.
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Figure 7. The green roof treatment effectiveness using the land use node approach.

3.2. GR Bioretention Node

Figure 8 is the illustration of the MUSIC schematic diagram used to investigate the
hydrological performance of GR through a bioretention node. Compared to the land-
use-based approach, the bioretention-based one requires only one diagram since MUSIC
understands bioretention as a treatment device and then directly produces outputs regard-
ing the impacts of the treatment on the modeled catchment. However, another diagram
without green roof treatment is still created for the purpose of comparing time-series out-
flows. Figure 9 summarizes the simulation results using the bioretention-based method.
According to this, the application of GRs continues to lead to positive changes in both
runoff quantity and quality. The flow volume (ML/year) and TN load (kg/year) again
show the greatest reductions compared to others.
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4. Discussion
4.1. Model Results

As presented earlier, the hydrological behavior of GRs was simulated using the land
use and bioretention nodes in MUSICX. Figures 7 and 9 show that there are negligible
differences in outcome between these two approaches. This implies that they are likely
to be used interchangeably to investigate the effects of large-scale implementation of GRs
in MUSICX. The small impacts of GRs on the mitigation of TSS is worth mentioning.
This could be because of the sediments primarily sourced from ground and road surfaces,
whereas green roofs cover a small portion of the VU catchment. Additionally, the reductions
in TSS, TP, and TN did not meet the stormwater quality management objectives as set out
in the Environment Protection Authority (EPA) Victoria Guidelines (TSS: 80%, TP: 45%,
and TN: 45%) [51]. The poor performance of VU’s large-scale GRs in terms of stormwater
quality could be due to the insignificant area of GRs with only around 23% of the total
catchment area of the VU’s campus. The large area of ground and hard surfaces greatly
contributes to the sources of TSS, TP, and TN.

The above indicates that there is a need for green roofs to be combined with other
green infrastructure responses to fully deliver on stormwater management objectives at
the campus scale. Complementary green infrastructure assets such as swales, bioretention,
and gross pollutant traps as well as sediment ponds and wetlands (where space allows) are
recommended to be considered in order to meet the EPA targets. For example, a variety
of stormwater treatment devices was proposed to be applied in a 3.9 ha residential area
in Canberra, Australia [27]. The optimal scenario of bioretention, infiltration systems,
swales, wetlands, and water tanks reduced loads of TSS, TP, and TN by 80%, 76%, and 65%,
respectively. Noh, Mohd Sidek, Haron, Puad and Selamat [25] tested the performance of
a treatment train of wetlands, bioretention, on-site detention, sediment basin, and gross
pollutant traps in the Cameron Highlands District, Malaysia. The simulation results from
MUSIC showed considerable reductions of 65–83%, 52–78%, and 40–66% for TSS, TP, and
TN, respectively.

In addition to the requirements for improvements in stormwater quality, the EPA
guidelines also recommend reductions in stormwater volumes [51]. These reductions
vary by climate region and a reduction in stormwater volume of 29% through harvest-
ing/evapotranspiration is recommended for VU’s Footscray Park Campus. It can be
observed from Figures 7 and 9 that the reduction in flow volumes using both the land
use and bioretention nodes meet the EPA guideline requirements. Figure 10 illustrates a
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significant change in runoff volume before and after the application of GR on all existing
buildings at the VU campus. The annual stormwater reduction is around 30% in both
studied approaches in this paper. This is comparatively similar to other published results.
For example, Versini, et al. [52] reported an averaged runoff reduction of 25.2% using a
coupled conceptual and SWMM model. Roehr and Kong [53] reported 29% and 28% of
runoff reduction per year with large-scale EGRs using low-water-use plants with an annual
precipitation of 1200 mm and 1219 mm, respectively. A water-balance model was applied
in this study. Runoff reduction from the application of EGRs throughout a Chinese city in
Liu, et al. [54] fluctuated from 27% to 42% in different rainfall events, which was simulated
with SWMM. However, the study of Barnhart, et al. [55] published a lower runoff reduction
of only 10% to 15% and 20% to 25% yearly for EGR and IGR scenarios, respectively. Similar
to runoff quality, runoff quantity (i.e., stormwater volume) could be further reduced by
combining GRs with other WSUD strategies such as rainwater tanks and bioretention
systems. Additionally, the results from [20] and [19] using MUSIC to model GRs are not
comparable to this current study, since they were conducted at a building scale. Figure 11
further describes the difference between them in terms of cumulative flow volume. The
difference in runoff quantity from the untreated scenarios can hardly be seen, whereas the
runoff volume treated with the GR-bioretention node is slightly higher than that of the
GR-land use node.
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use node.

In some cases where modelers seek to obtain accurate results for runoff quantity,
the land-use-based method is significantly preferable due to several hydraulic substrate
characteristics that can be modified. Moreover, the land use node settings allow users to
adjust the flow movements in the drainage layer as closely as possible to a typical GR
system. When modelers focus on the improvement of runoff quality, the bioretention-
based method should be applied. The bioretention node considerably differs from the
land use node and it is a treatment device provided by MUSIC. Hence, it is capable of
treating rainwater with its vegetated substrate. Accordingly, this node’s settings comprise
nutritional characteristics such as TN and orthophosphate content and selections of either
effective or ineffective nutrient-removal plants. There is a noticeable difference in the
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reductions in TSS and TN loads between the two adopted methods. It is also noteworthy
that this node has inputs of SHC and PET scaling factor for specific plants, which play
a major role in estimating runoff quantity. Nevertheless, model calibration against the
monitoring data remains necessary to ensure the model’s accuracy and validity, which is
discussed further in the following section. The above-suggested approaches should only
be adopted when experimental data are not available.
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4.2. Model Calibration

As stated previously, the calibration process is crucial in any model development.
Regarding stormwater modeling, it requires calibration based on the flow data from the
WSUD devices and climate parameters in the area of interest. Additionally, physical
characteristics are required prior to the model calibration. The measurements of those
parameters through soil tests have been reported to be expensive and time-consuming [56].
Moreover, a model is likely to perform effectively only within the timeframe in which
it is completely adjusted to match the monitoring data through the model calibration
process. Given that GR hydraulic properties are highly variable parameters over time, the
developed models must deal with the ambiguous performance outside of the simulation
period. The downward trend in SHC values is a good example of the significant changes
in the substrate characteristics during its lifetime. Todorov, Driscoll and Todorova [50]
reported SHC values of 17,000, 1080, and 684 mm/h in 2009, 2010, and 2012, respectively.
The SHC of the substrate used in De-Ville, et al. [57] was reduced from 10,740 to 2658 mm/h
in five years. Nevertheless, flow monitoring data and soil testing are importantly required,
but arfe missing in the present study. They are goals of future work to strengthen the
connection between the VU GR designs and the modeling settings, thereby enhance the
modeling accuracy.

The parameter values used in model settings are even more complex. SHC and other
parameters are well-calibrated to reproduce the observed data accurately. Therefore, they
are different from the values either measured in the laboratory or provided by the supplier.
The calibrated SHC in Versini, Ramier, Berthier and De Gouvello [52] is 104.7 mm/h, which
is far less than the 1158 mm/h reported by the green roof supplier. Other papers using
HYDRUS and SWMM modeling also reported similar calibrated values fluctuating only
from 100 to 200 mm/h for SHC [54,56,58]. Since there are no published calibrated SHC
for MUSIC modeling, 700 mm/h of SHC in this study was derived from other scholars’
values measured in the laboratory only. Elliott and Trowsdale [16] stated that no obvious
advantages exist of one model over another, and the accuracy of both conceptual and
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physical hydrological models must be assured by proper calibrations. Future studies on
GR modeling with MUSIC are suggested to measure hydraulic characteristics combined
with the inflow/ outflow data from actual experiments to enhance the model validity.

HYDRUS and SWMM are the two physics-based modeling software that are most
widely applied by researchers. Some noteworthy studies were carried out
in [15,52,54,56,58,59]. By contrast, their applications to the large-scale simulation of GI
devices remain limited, corresponding to a minimal number of papers studying green roofs
at the catchment scale [3]. Versini, Ramier, Berthier and De Gouvello [52] pointed out that
most efforts have been performed to reproduce the observed data of experimental GRs and
investigate the catchment-scale hydrological effects of GRs through a simple extrapolation
method. The complexity of physics-based models could explain this modeling gap. For
example, computational constraints confront the application of SWMM in long-term con-
tinuous simulation at the catchment scale [18,56]. To be successfully implemented, SWMM
is required to correctly calibrate approximately 12 parameters [15,60]. HYDRUS is not
even suited for large-scale urban modeling due to the high computational requirements
of fine temporal and spatial scales [17,23]. On the other hand, the nature of MUSIC is
a conceptual-based model; hence, it has advantages over physics-based ones. A long
continuous simulation period due to low computational costs and proper input values
calibration could offset its simplicity. In general, none of the models totally prevails over
others. A model is likely to perform efficiently in specific situations with appropriate
modeling objectives.

4.3. Inclusion of Irrigation into Green Roof MUSIC Modeling

Irrigation is required to maintain the establishment and survival of GR vegetation.
Therefore, it adds a considerable water volume to GR systems, resulting in more runoff
and affecting GRs’ hydrological performance. The irrigation demand is thus reasonably
involved in modeling. However, MUSIC does not have a specific function to simulate
irrigation. Liebman, Wark and Mackay [20] successfully included the irrigation demand by
modifying the rainfall template in MUSIC and using an imported node. Regardless of the
substantial impact of irrigation on green roof hydrological performance, it is impossible to
include irrigation in large-scale modeling in this study due to limitations of the currently
used MUSICX version. Future studies are suggested to add irrigation to the rainfall
template applied to a model containing GRs only. The imported node containing outputs
of the GR-only model will be consecutively inputted into the main model for the whole
catchment with the unmodified rainfall template.

With the release of newer versions of MUSICX, the following steps are suggested to
be applied for an approximate estimation of the irrigation demand. The calculation of
irrigation requires crop evapotranspiration (ETC). The ETC equation is:

ETC = ET0 × Kc

where ET0 (mm d−1) is the reference evapotranspiration and Kc is the crop coefficient for
specific crops.

PET and ET0 differ in terms of their developments, concepts, and equations, and they
are used for different purposes [61]. To date, researchers are still struggling with using these
two confusing terms. Referring to their concepts and development history, PET is utilized
in the fields of hydrology and meteorology, while ET0 is commonly used for irrigation and
agriculture [61]. The ET0 equation according to FAO-56 Method is [62]:

ET0 =
0.408∆(Rn − G) + γ 900

T+273 u2(es − ea)

∆ + γ(1 +−0.34u2)

where T is the mean air temperature (◦C), u2 is the wind speed (m s−1) at a height of 2 m
above the ground, Rn is the net radiation flux (MJ m−2 d−1), G is the sensible heat flux
into the soil (MJ m−2 d−1), ∆ is the slope of the saturated vapor pressure curve, γ is the
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psychrometric constant (kPa ◦C−1), es is the mean saturation vapor pressure (kPa), and ea
is the actual vapor pressure (kPa).

The calculation of ET0 is substantially complicated and requires the availability of var-
ious climate datasets. When data required to calculate ET0 are incomplete, PET, designed
to be appropriate for MUSIC algorithms, is recommended for irrigation estimation.

The equation for the irrigation demand on a given day is:

Irrigation Demand (mm) =
PET × Kc − R × Er

Ei
(1)

where Ei is the irrigation system’s efficiency, R is the rainfall depth on a given day, and Er
is the rainfall effectiveness. The values suggested by Connellan [63] for Ei, Er, and Kc are
0.75 (for sprinkle system), 0.5, and 0.4 (for drought-tolerant plants), respectively.

In practice, the irrigation interval should be calculated to determine when irrigation is
required based on the plant available water (PAW) and the percentage allowable depletion
(PAD). An Excel spreadsheet calculates the irrigation interval based on the PAW and
PAD [63].

PAW =
Root Zone Depth (mm)× Avaiable Water Holding Capacity (mm/h)

1000
(2)

PAW is calculated to be 18.75 mm using a root zone depth of 150 mm and an available
water holding capacity of 125 mm/h for Light Clay [29]. Connellan [63] also suggests
using a PAD of 50%, which allows the irrigation to take place when the soil moisture is
below 9.375 mm. This approach reflects the actual irrigation practice in which plants are
not irrigated daily.

This method was successfully tested with a data period of 10 years. Many Excel
functions were used to deal with the large number of calculation steps. Irrigation days
and irrigation depths were explicitly determined. They were consecutively combined with
the MUSIC 6 min rainfall data to reflect the precise amount of water going through the
GR. Nevertheless, the inclusion of irrigation in a more extended data period is difficult
given the limitations of Excel and other software may be needed to do this regularly. More
particularly, this case requires advanced skills to load and edit the complete data in a large
csv file. It would be preferable if an add-on program, plug-in, or feedback loop were
implemented in MUSIC to support the representation of irrigation.

5. Conclusions

GRs have been extensively used worldwide in the recent past as compared to other
varieties of GI as a potential strategy to address several social and environmental issues.
GRs have been significantly studied during the last decade and the results show both its
advantages as well as disadvantages.

Due to the existing research gap related to assessing GR performance at a large scale
(i.e., scales exceeding the single-building scale), this paper attempts to investigate the
hydrological effect of the implementation of GRs at the Footscray Park Campus of Victoria
University in Melbourne, Australia. The simulation was carried out using eWater MUSICX,
which is a modeling tool that is widely used in Australia. MUSICX possesses the advantages
of a conceptual model with built-in Australian climate data and has a huge potential to
effectively simulate the hydrological response of GRs at large scales.

Green roofs are still not very popular in Australia and there has been very little mod-
eling of these green infrastructures to understand their benefits in terms of improvement
in stormwater quality in the Australian context. This research presents the outcomes of
continuous simulation modeling assessment, demonstrating that an existing model (namely
MUSICX) can be adapted and used for this application. Thus, this paper aims to assess
the performance of GRs using the MUSICX software and provides a simple but effective
framework to inform investors and policy makers about the benefits of GRs, which is a
prerequisite for widespread implementation of GRs. Additionally, this study attempted
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to evaluate the impacts of large-scale GRs on runoff quantity and quality on the campus.
The simulation results showed a positive performance of GRs, especially with regard to the
reduction in stormwater runoff volume. On the other hand, the combined use of GRs and
other stormwater treatment devices is required to meet runoff quality objectives according
to local stormwater guidelines.

The following is a summary of the key observations and recommendations obtained
from this study:

(a) The modeling results show that GR is effective in reducing runoff volume, TSS load,
TP load, and TN load. While the largest reductions of roughly 30% are in runoff
volume and TN load, the smallest reduction is in TSS load in both studied approaches;

(b) Land use node and bioretention node approaches can be used interchangeably since
the difference in MUSIC modeling outputs was found not to be substantial.

(c) The land use node-based method is recommended to be applied when modelers focus
on studying runoff quantity due to several simulation settings of the GR substrate’s
hydraulic characteristics. On the other hand, the bioretention node-based method
is preferable in runoff-quality-related research because of the modifications of plant
types and nutritional characteristics of the GR substrate.

(d) In this paper, the importance of model calibration is highlighted. Though no soil
testing and flow monitoring data were obtained to calibrate the MUSIC-GR model,
they are still part of future work to strengthen the connection between the VU GR
design and modeling settings, thereby enhancing the modeling accuracy. On the other
hand, concerns about the low accuracy of a model even with properly-calibrated
parameters have also been discussed.

(e) The application of GR for the entire VU campus area did not meet runoff quality
objectives as set out in the EPA Victoria guidelines. Therefore, it is recommended that
a treatment train including GR and other WSUD strategies be implemented to meet
several stormwater management objectives.

(f) Irrigation for the GR vegetation contributes to a substantial amount of GR runoff.
This paper provides an explicit recommendation to include irrigation into MUSIC to
model GRs more accurately.
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