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Abstract

Abstract

The combined effect of urbanization and climate change, which results in an increased level of
imperviousness, is currently causing stress to urban drainage systems in urban areas unable to
preserve the hydrological cycle of natural catchments. A considerable portion of urban
environments’ impervious fractions is comprised of rooftops, which have increasingly been
retrofitted with green roofs. Vegetated rooftops may contribute to reducing the impact of
climate change and urbanization by retaining and detaining runoff, thereby reducing overall
runoff volume and peak runoff rates. However, they do not always fulfil the requirements for
stormwater detention. Moreover, in climates with limited evapotranspiration, a non-vegetated

configuration may be a more favourable option for stormwater management.

A field station for testing different rooftops was established in 2017 on the coast of Trondheim,
Norway. Two different solutions comprised of vegetated (green) and non-vegetated (grey)
configurations were evaluated with respect to their hydrological performance between years
2017 and 2019. The first solution (Solution 1) consisted of an extensive green roof with
a 30- mm thick layer of Sedum mats, a non-vegetated grey roof with a 200-mm thick layer of
expanded clay, and a reference black roof. The second solution (Solution 2) offered a detention-
based green roof with a 100-mm thick layer of expanded clay, a non-vegetated grey roof with

a 100-mm thick layer of expanded clay covered by paving stones and the reference black roof.

The extensive and detention-based green roofs provided stormwater retention between
24-37 % of the total long-term continuous runoff in the warm period, experiencing
a normalized daily retention of 0.86 mm/day for Solution I and 1.05 mm/day for Solution 2.
Regarding detention performance, the grey roof outperformed the extensive green roof for the
ten largest recorded events for Solution 1. However, underlaying the extensive green roof with

expanded clay for Solution 2 resulted in the improvement of the detention performance in
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addition to providing reasonable stormwater retention. With respect to Solution 2, while the
detention-based green roof performed similarly to the grey roof in terms of peak delay, it
outperformed the grey roof in volume reduction (retention) by more than four times.
Nevertheless, the event-based retention and detention performances of the individual roof may

vary since they are a result of the local climate as well as events interpretation.

The detention performance of the detention-based green roof, consisting of Sedum mats
underlaid with expanded clay, was tested for current and future climate conditions under
extreme precipitation. Events having a return period of 20 years, including a climate factor of
1.4 corresponding to different locations in Trondheim, Oslo and Bergen, were created using an
artificial rainfall generator. It was found that the peak delay and attenuation may not provide
an ideal evaluation of the roof primarily due to the temporal resolution and specificity of
individual rainfall patterns. While peak delay exponentially decreased from 31 minutes to
2 minutes, the centroid delay exponentially decreased from almost 500 to 10 minutes with
increasing initial water content. The time of concentration for the black roof was within 5
minutes independent of rainfall intensity, whereas in the case of the detention-based green roof,
it was extrapolated between 30 and 90 minutes, being strongly dependent on the rainfall
intensity ranging between 0.8 to 2.5 mm/min. The roof performance decreased due to increased
initial water content and was most sensitive to longer rainfalls with lower intensity than short,

intense rainfalls.

The Environmental Protection Agency (EPA) Storm Water Management Model (SWMM)
5.1.012 with Low Impact Development (LID) Controls was used to evaluate the model
performance of the roofs from Solution I on the building scale before the calibrated roof models
were applied on a catchment scale. High-resolution data from previously monitored roofs and
physical parameters within the individual LID layers (soil and drainage mat) were selected for
model calibration. The calibrated parameters of the green and grey roofs were compared to
several other roofs from another study, including roofs located in Oslo, Bergen and Sandnes,
with different types of construction, geometry, and climates. The SWMM model provided a
significantly positive match between observed and simulated runoff using a Nash-Sutcliffe
model efficiency (NSME) between 0.56 and 0.96 and a volume error between -4 to 29 % for
all configurations, including different locations in Bergen, Oslo, Sandnes and Trondheim. The
calibrated roof models used during the winter period showed poor performance levels for long-
term simulation runs. These were expressed with an NSME of 0.56 (green roof) and 0.37 (grey

roof) and a volume error of 30% (green roof) and 11% (grey roof). Even though optimal

ii
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parameter sets were proposed for each configuration, the model parameters obtained at one site
were only partly transferable due to the issue of model equifinality. This could be linked to the
choice of a one-year training period and the fact that model transferability is greater when

moving from wetter to drier periods.

The PCSWMM model version 7.2.2780, which is a user interface for EPA SWMM 5, was used
for simulating runoff from an urban catchment at Risvollan in the city of Trondheim. The
calibrated green or grey roof models for Solution 1 were used in the catchment instead of
conventional rooftops, and their resulting detention impact on the catchment outlet was
evaluated according to nine scenarios. There was a focus on peak runoff reduction in terms of
the runoff exceedance of three thresholds (100, 50 and 25 L/s) at the catchment outlet. It was
found that as little as 11 % of the roof area can substantially reduce maximum flows, reduce
the number of events, including the volume per event as well as the duration of the events
themselves. Concerning the peak flows, the reduction performance increases in line with an
increase of the area for potential retrofitting by green or grey roofs and with a decrease of the
catchment slope. The implementation of grey roofs outperformed the extensive green roofs in

all areas: event duration, number of events and volume of exceedance per event.

The green roofs showed a greater variation in their measured moisture content than the grey
roofs did due to the transpiration process. However, the relatively high moisture levels in the
expanded clay did not affect the detention performance under normal daily conditions. A
reduction of detention performance occurred when running consecutive extreme events over
the course of one day. In this case, the moisture levels increased with respect to events with a
20-year return period for future climate (2071-2100) and 200-year return period for the current
climate. While the extensive green roof was mostly efficient for retention, the detention-based
green roof underlaid with expanded clay provided an additional detention effect. Thus, the roof
implementation’s impact on an urban catchment’s vulnerable points will mainly occur when

using a configuration containing expanded clay.

Considering its initial saturation point and chosen type, rooftop retrofitting as a form of source
control will, in most cases, contribute to a change in the runoff characteristics of conventional
roofs. This thesis provides information for decision-makers and urban stormwater planners on
how to target and focus on implementing rooftop solutions as stormwater measures. The

hydrological performance of the detention-based green roof under extreme precipitation

il
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confirms and strengthens the applicability of the retrofitted rooftop solutions in an urban

environment under both current and future climate conditions.
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Preface

Preface

This doctoral thesis is submitted for the partial fulfilment of the requirements for the degree of
Philosophiae Doctor (Ph.D.). The study has been completed at the Department of Civil and
Environmental Engineering, Faculty of Engineering, Norwegian University of Science and
Technology in Trondheim, with Professor Tone Merete Muthanna as main supervisor and

Professor Tore Kvande as co-supervisor.

This work is the result of a four-year Ph.D. programme in which 75 % was dedicated to research
and 25 % to compulsory work for the department. This work included assisting in the Master-
level course TVM4130 Urban Water Systems, supervising exchange students as well as
students writing their thesis and helping out during field work. Funding was provided by the
Research Council of Norway and several other partners through the Centre for Research-based

Innovation project Klima 2050 (project number 237859/030).

This thesis presents work completed on stormwater management in urban areas using retention
and detention-based roofs that has resulted in five scientific papers. The candidate has been the
main author on four of the five papers, while Paper 4 was written in collaboration with another
main author. Further information about these authors’ contributions may be found in the papers

and co-author statements in Co-Author Statements.

Chapter 1 introduces the topic addressed in this thesis and presents the main factors that need
to be considered when designing and modelling roofs for stormwater management. Chapter 2
offers the materials used and methods performed to accomplish this work. Chapter 3
summarizes and discusses the main results from the papers included in this thesis in order to
answer all relevant research questions. Chapter 4 outlines a conclusion from this thesis and
provides a number of recommendations for future work. Appendix A provides supplementary

materials for the main results. The selected papers of this thesis are listed in Appendix B.
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Appendix also presents the abstracts and bibliographies of the secondary papers and conference

presentations and the co-author statements pertaining to the publication of this thesis.

In accordance with the requirements of the Faculty of Engineering at NTNU, the present thesis

comprises an introduction to research work, which is composed of five scientific papers.
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Chapter 1 Introduction

Chapter 1 Introduction

This chapter presents the background, including the problem statement, aims, and scope of the
doctoral thesis. The research questions, which have been formulated to accomplish the thesis’

goal, are introduced, and the thesis’ structure is presented.

According to the United Nations (UN, 2019), in 2018, 55% of the world’s population was
living in urban areas, whereas in Norway, an entire 82 % of the country’s population lives in
urban environments. Projections for 2050 show that there is an increasing shift in the human
population from rural to urban areas as well as an overall growth in the world’s population;
these percentages are expected to rise to 68 % for the world and 90 % for Norway. Traditional
urbanization leads to increased catchment imperviousness due to replacing natural areas with
roads, parking lots, paved sidewalks and rooftops. All of these changes alter the hydrological
cycle in urban areas; consequently, only a small amount of rainfall generates runoff that is
rapidly transported to underground conduits and open channels, causing reduced
evapotranspiration, infiltration, storage and groundwater recharge, etc. (Beven, 2011; Dunne
and Black, 1970; Gill et al., 2007; Leopold, 1968; Semadeni-Davies et al., 2008). This results
in an increased number of runoff events and higher volume in the runoff itself, which is
transported through the drainage system. This in turn reduces catchments’ concentration time,
causing local peak runoffs following high-intensity rainfalls. In addition, urban drainage
systems, which are already stressed by being connected to newly built impervious surfaces, are
exposed to even more severe outcomes of climate change due to anticipated greater rainfall
amounts and higher rainfall intensities (Dyrrdal and Ferland, 2019; Hanssen-Bauer et al., 2017;

Hoegh-Guldberg et al., 2018; Ipcc, 2014; 2018; Mailhot and Duchesne, 2009; Stocker, 2014;
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Willems et al., 2012). The existing infrastructure is typically not suitable for handling the
combined effect of ever-increasing urbanization and climate change (Mentens et al., 2006).
Moreover, during dry periods, impervious surfaces accumulate pollutants that are washed off
during the first flush of rainfall events (Borris et al., 2014; Deletic, 1998; Kim et al., 2006).
Consequently, vulnerable places in urban catchments are exposed to floods, and overloaded
drainage systems discharge contaminated stormwater using sewer overflow structures (a
phenomenon called combined sewer overflows - CSO ) into receiving bodies of water (Jia et

al., 2015).

CSOs are typically caused by rainfall or melted water and initiated by peak runoff; therefore,
it is crucial to decrease stormwater entering the drainage network as much as possible — or at
least detain stormwater at the location where it falls (Semadeni-Davies et al., 2008). Outfitting
new constructions and retrofitting existing buildings with sustainable urban drainage systems
(SUDS) are thus key to creating successful and sustainable urban redevelopment, and they
should be applied as efficient measures to counteract imperviousness in urban environments
(Fletcher et al., 2015; Mentens et al., 2006; Torgersen et al., 2014; VanWoert et al., 2005). As
an example of flood or CSO prevention, underground detention tanks were a typical solution
in the late 20" century (Burkhard et al., 2000; Duan et al., 2016; O'Loughlin et al., 1995).
Currently, there has been a shift towards blue-green infrastructure, e.g. reopening streams and
using bioretention cells (LeFevre et al., 2015; Trowsdale and Simcock, 2011). These solutions
certainly provide a desirable level of stormwater management. While bioretention cells provide
improvement to both water quality and the evapotranspiration process (Davis et al., 2009),
underground tanks disable the evapotranspiration process. However, densely urbanized areas
have in most cases limited space for retrofitting either on the surface or below it (Barbosa et
al., 2012; Lamond et al., 2015). This encourages municipalities and urban planners to rethink
stormwater management by placing a new focus on building rooftops. Rooftops in developed
cities cover almost half of the impervious surfaces (Lamond et al., 2015; Stovin et al., 2012).
Even though rooftop retrofitting might have certain disadvantages in terms of placing
additional weight loads on buildings or being difficult to apply to private properties, it has
multiple benefits in terms of hydrology, building physics, investment, biodiversity, air
pollutant removal and usage as recreational areas (Ahiablame and Shakya, 2016; Berndtsson,
2010; Besir and Cuce, 2018; Bianchini and Hewage, 2012; Castleton et al., 2010; Oberndorfer
et al., 2007; Saadatian et al., 2013; Vijayaraghavan, 2016; Yang et al., 2008).
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In 2008 the Norwegian Water Association adopted national guidelines for surface stormwater
management that apply a three-step approach (Lindholm et al., 2008): Step 1 aims to infiltrate
all minor events onsite, Step 2 aims to detain all medium events, while Step 3 ensures safe
floodways for all extreme events (according to the authors, rainfall intensity classification is
location-specific). Rooftop solutions such as vegetated green (Berndtsson, 2010; Carter and
Jackson, 2007; Stovin et al., 2012) or non-vegetated roofs (Berghage et al., 2009; Hamouz et
al., 2018) belong to the first and second of the so-called “three-step stormwater treatment train”
as forms of source control (Fletcher et al., 2015; Woods-Ballard et al., 2007). The main drivers
behind using retrofitted rooftops as source control are runoff detention and retention (Cipolla
et al., 2016; DeNardo et al., 2003; Johannessen et al., 2018). Retention may be considered as
long-term or short-term (event-based) performance and occurs through the combined process
of evaporation for non-vegetated and evapotranspiration for vegetated solutions. Detention
examines the event-based impact of the retrofitted roof on runoff with respect to temporal
delays or percental attenuation, and stormwater designers have increasingly called for detention

when planning new projects (Stovin et al., 2017; Villarreal, 2007).

Regardless of the above factors, a retrofitted rooftop’s overall performance largely depends on
the local climate. For instance, performance in cold and wet climates is limited due to these
climates’ higher levels of initial moisture, freezing and thawing cycle, snow cover, varying
temperatures and precipitation (Bengtsson et al., 2005; Johannessen et al., 2018; Johannessen
et al., 2017; Locatelli et al., 2014; Stovin et al., 2013; Stovin et al., 2017; Vanuytrecht et al.,
2014; Villarreal, 2007). One of the measures taken to avoid surface ponding in the wet seasons
and standing water freezing in the cold seasons is to increase the infiltration capacity of SUDS,
including rooftops (Paus, 2016). This means that in order to achieve the desired detention effect

in highly permeable systems, it is crucial to consider a total transport time through the system.

As rooftop retrofitting becomes an increasingly more popular solution for handling stormwater,
the knowledge of the different solutions’ hydrological performance in variable climates and
geographical locations must be developed further, especially on a larger (catchment) scale
rather than a small pilot test (or building) scale. However, it may be challenging to apply
observations from the field directly for design purposes, as there is a large variation in reported
performances due to climatic conditions or material properties (Alfredo et al., 2009; Carson et
al., 2013; Hakimdavar et al., 2014; Voyde et al., 2010). Applying modelling software in
combination with observed data provides a tool for utilizing observed data in combination with

simulations under variable climatic conditions in order to increase the depth of knowledge
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about these roofs’ performance (Devia et al., 2015; Li and Babcock, 2014; Niazi et al., 2017;
Palla and Gnecco, 2015; Peng and Stovin, 2017). Moreover, only a few studies have
investigated the use of retrofitted rooftops under conditions of extreme precipitation because
capturing extreme rainfall is difficult due to its infrequent and random occurrences (Bengtsson,

2005; Villarreal and Bengtsson, 2005).

1.1 Background

Urban drainage systems

Flooding events in urban areas resulting from extreme precipitation have been increasingly
reported (Changnon and Demissie, 1996; Copenhagen, 2012; Madsen et al., 2014; Nie et al.,
2009; Teegavarapu, 2012; Zhou, 2014). This situation has resulted in urban drainage systems
undergoing changes, moving from closed pipe systems to sustainable stormwater solutions
over the past several decades (Chocat et al., 2007; Delleur, 2003; Fletcher et al., 2015). Indeed,
urban drainage has become a complex system that involves diverse approaches where both the
design and decision-making process are driven by multiple objectives (Barbosa et al., 2012;
Marsalek and Chocat, 2002; Zhou, 2014). A number of principles and practices have been
employed which use different terminology based on the location in which they are utilized or
scope they cover. These include: Low Impact Development (LID), Best Management Practice
(BMP), Sustainable Urban Drainage System (SUDS), Green Infrastructure (GI), Water
Sensitive Urban Drainage (WSUD), or Nature-Based Solution (NBS). Fletcher et al. (2015)
found significant overlap between various terms in urban drainage terminology, which is
defined as: “(i) mitigation of changes to hydrology and evolution towards a flow regime as
much as feasible towards natural levels for local environmental objectives and (ii)

”»

improvement of water quality and reduction of pollutants.

Hydrological performance of retention and detention-based roofs

Retention occurs during dry periods when stormwater is evaporated from the surface and
transpirated by plants into the atmosphere. Retention may be studied as a long-term or short-
term (event-based) performance of the tested configuration. Green roofs are the most
commonly studied objects; consequently, their annual runoff reduction has been extensively
investigated (Berndtsson, 2010; Berretta et al., 2014; Carson et al., 2013; Garofalo et al., 2016;
Gregoire and Clausen, 2011; Stovin et al., 2015). The results from previous studies show a
large variation in performance due to factors related to precipitation volume, precipitation

dynamics (precipitation patterns), antecedent conditions, growth medium, plant species, roof
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slope, location and temperature or daylight variations throughout the year (Berndtsson, 2010;
Li and Babcock, 2014). However, while increasing media depth has been reported to increase
retention through larger storage capacity (Alfredo et al., 2009; Soulis et al., 2017; VanWoert
et al., 2005), full-scale roofs have provided increased detention through prolonged horizontal

runoff (Carson et al., 2013; Fassman-Beck et al., 2013).

In terms of retention performance, VanWoert et al. (2005) has studied the total rainfall retention
for different media. The retention ranged from 27.2% for gravel ballast to 50.4% for a bare
growing media, and 60.6% for a green treatment. Similarly, Mentens et al. (2006) have
compared the annual runoffs from green and gravel-covered roofs. They presented a 25%
reduction for the gravel roof and a 50% reduction for the green roof. Berghage et al. (2009)
have reported the annual rainfall retention from three different setups. The retention ranged
from 14.1% for an asphalt roof to 29.7% for a media roof, and 52.6% for a vegetated roof.
When comparing expanded clay-based (non-vegetated) and vegetated setups, higher levels of
retention were observed using vegetated beds (Stovin et al., 2015), with an annual volumetric
retention of 54.5% for an expanded clay-based setup and 75.1% for a green roof. Johannessen
and Muthanna (2016) have presented an annual runoff reduction of 17-30% for three coastal
cities in Norway. In a study focused on a long dry period, major differences were found in
retention through evapotranspiration by vegetated and non-vegetated configurations (Poé et al.,
2015). Berretta et al. (2014) have studied moisture loss from a growing medium during a dry
period in both cold and warm months. They presented a mean moisture loss ranging from 0.34
mm/day to 1.65 mm/day from March to July. Particular attention should be given to the
regeneration of roof storage capacity, which depends on physical configuration, precipitation
patterns, and evaporation during dry periods (Stovin et al., 2013). Johannessen et al. (2017)
have investigated potential evapotranspiration in cold and wet regions across 14 locations in
northern Europe and concluded that retention on green roofs varied between 0% and 1% for
Nordic countries during the winter period. Overall, the average retention performance is useful

in a context where stormwater discharge to the sewer system is chargeable.

The detention effect occurs when temporarily detained stormwater is subsequently released
after rainfall (Locatelli et al., 2014; Stovin et al., 2017; Villarreal, 2007). Even though the
evapotranspiration effect, which restores storage capacity during dry periods, may be negligible
during a rainfall event (especially when extreme rainfall occurs), it may affect runoff
characteristics through initial water content and thus impact detention performance. The main

point of interest is the way in which the intense flow is transformed into a natural flat flow.
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Comparing detention performance, Liu and Minor (2005) and Villarreal (2007) have presented
an intensive green roof’s peak flow reductions and peak delays on an event basis. The peak
reductions varied between 25% and 65%, and the peak delays varied between 20 min and 40
min. Stovin et al. (2015) have concluded that peak reduction for rainfall greater than 10 mm
varied from 29% for an expanded clay-based bed to 68% for a sedum roof. They also noted
that vegetated beds comprised of brick-based substrates consistently offer a higher level of
attenuation compared with the expanded clay-based substrate. Stovin et al. (2012) have
investigated the performance of an extensive green roof subjected to events and having a return
period of over one year. They presented a per-event peak reduction of 59% (for both mean and
median), and a per-event peak-to-peak delay of 54.16 min (mean) and 18 min (median). Li and
Babcock (2014) have reviewed the typical hydrological performance of green roofs. It was
shown that these roofs attenuate a peak flow of 22% to 93%, and delay a peak flow of 0 to 30
min. A considerable amount of research has been published about green roofs in terms of their
long-term performance (retention) (Berndtsson, 2010; Carter and Rasmussen, 2006; Li and
Babcock, 2014; Poé et al., 2015). However, only a few researchers have strictly focused on
detention performance or developing solutions that ensure a combined version of retention and
detention performance. At the same time, a rooftop solution, which focuses only on detention
capability in climates where retention is somewhat limited, has not yet been established and
studied. Moreover, a large amount of research has been focused on the hydrological
performance of small-scale roofs, whereas evidence of full-scale roofs is limited (Johannessen

etal., 2018; Nawaz et al., 2015; Stovin et al., 2012).

Green roof modelling

A large part of the research has been conducted in the form of monitoring studies in order to
understand the hydrological performance of green roofs. However, it remains challenging to
predict these roof’s general hydrological performance, as each performance reflects a specific
type of green roof and its location. There have been several attempts to simulate green roof
runoffs on an individual roof scale (Carson et al., 2013; Hilten et al., 2008; Johannessen et al.,
2019; Kasmin et al., 2010; Krebs et al., 2016; Locatelli et al., 2014; Metselaar, 2012; Stovin et
al., 2012; Villarreal, 2007) or a catchment scale (Ashbolt et al., 2013; Carter and Jackson, 2007;
Krebs et al., 2013, 2014; Palla and Gnecco, 2015; Rosa et al., 2015; Warsta et al., 2017). These
models may either be categorized as data-based methods, where runoff is calculated as an
empirical function of rainfall, or process-based methods, where the runoff is calculated from

the green roof water balance (Carson et al., 2017; Li and Babcock, 2014; Stovin et al., 2013).
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Urban hydrology is a complex system in which a model must account for an array of possible
physical processes: surface runoff, infiltration, groundwater, snowmelt, flow routing, surface
ponding, and water quality routing. Green roof systems, which calculate the runoff by solving
a water balance equation, account for precipitation, irrigation, storage, and evapotranspiration
processes (Rossman, 2015). So even though green roofs might operate on a simple system
consisting of several layers, all the processes within each layer must be controlled dynamically.
Based on these considerations, the physically-based SWMM model has been considered the
best choice to use for further work, as it includes all previously mentioned processes as well as

snowmelt simulation (Elliott and Trowsdale, 2007; Moghadas et al., 2016).

1.2 Research questions

The overall main objective has been to study and quantify the role of vegetated (green) and
non-vegetated (grey) roofs play as part of stormwater management in cold climates using full-
scale pilots. This is done through evaluating different roof configurations, the implications of
hydrometeorological patterns, and further, investigating catchment scale tools for performance

estimates and design.
In order to address the main objective, the following four specific objectives were formulated:

1. Investigate the retention and detention performance for different configurations of
green and grey roofs for stormwater management. Which configuration provides the
best retention and detention performances in a cold climate?

2. What is the influence of rainfall intensity and pattern, including extreme events, on the
performance of the detention-based green roofs?

3. Investigate the use of catchment scale modelling tools for design and performance
estimates with respect to vegetated and non-vegetated roofs.

4. To what extent does retention and detention-based roof implementation contribute to

runoff reduction on a catchment level in urban areas?
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Two field sites, the Hovringen field site and Risvollan Urban Hydrological Station (RUHS),
served as data sources for the research (Figure 1). The Hovringen field site provided input data

for Papers 1, 2, 3 and 4, and Risvollan Urban Hydrological Station provided input data for

Paper 5.
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Figure 1 Location map of the city of Trondheim (yellow cross), the Hovringen field site (blue star), and
Risvollan catchment (red star).

2.1 Roof configuration

Between 2017 and 2019 the Hovringen field site was used for monitoring hydrometeorological
data while testing different full-scale rooftop solutions for stormwater management (Figure 2,
Figure 3). This consisted of three configurations (reference black, vegetated, and non-vegetated

roof) at a given time for comparing their hydrological performance; a total of two complete
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solutions were constructed during this period. Each of the rooftops with size 8x11 meters
receives additional stormwater from surrounding separation walls and parapets with an area of
12m? (roof disposition can be seen in Figure 3). Runoff is measured using a weight-based
system with two tanks located downstream of the drainage outlet (a 110 mm pipe) (additional

description can be found in each paper).

In April 2017, the first complete solution (Solution 1) was finished, providing
hydrometeorological data for Papers 1, 3, 4, and (partially) 5. It involved a black roof, an
extensive green roof (vegetated configuration), and a grey roof (a non-vegetated configuration,
and in Paper 1 called a LECA-based roof). At the end of June and beginning of July 2018, the
rooftops were changed to a second solution (Solution 2), which consisted of a black roof, a
detention-based green roof and a different type of grey roof (material characteristics are shown
in Appendix A: Supplementary materials, Table 15). Based on the second solution, the
detention-based green and black roof were used for Paper 2. Additionally, the monitored data
from all the roof types and solutions were used to compare individual roof performance in

terms of retention and detention (unpublished extension of Paper 1).
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Figure 2 Two sets of rooftop solutions (marked as Solution 1 and Solution 2) monitored between 2017 and
2019.
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T
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Figure 3 Three different rooftops at Hovringen on 11.6.2019. NB.: each of the rooftops with size 8 <11 meters
receives additional stormwater from surrounding separation walls and parapets with an area of 12m°.

2.2 Hydrometeorological data - Hovringen

Precipitation was measured by a heated tipping bucket rain gauge Lambrecht meteo GmbH
1518 H3 with a resolution of 0.1 mm at 1-min intervals and with uncertainty + 2 %. Runoff
was measured using a weight-based system (uncertainty class C3 according to OIML R60)
with two tanks downstream of the drainage outlets. These collection tanks were automatically
emptied either every 30 min or whenever the collected water reached tank capacity. All the
data were recorded at 1-min intervals using a data logger CR 1000 Campbell Scientific, Inc.
The air temperature and relative humidity were registered using a temperature and humidity
sensor Vaisala HMP155A with uncertainty + 0.03 °C for temperature and £ 0.6 % for relative
humidity in a range between 0-40 % and + 1 % for relative humidity in a range between 40-97
%. The soil temperature was registered using a temperature sensor Campbell Scientific 109
with uncertainty = 0.03 °C. Finally, the wind speed was measured using an ultrasonic

anemometer Lufft VENTUS 240W with an uncertainty + 2 %.

Precipitation measurement

A heated tipping bucket rain gauge was used to collect and register the amount of precipitation

in either a liquid or solid form. It is a widely used, low-maintenance, reliable instrument that
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ensures year-round measurements, especially in snowy regions, due to having two separate
controlled heating circuits. These circuits maintain an optimal temperature, which prevents the
sensor becoming frozen with snow. They also ensure that evaporation from the heated surface
is minimized. Precipitation is captured by collecting a surface of 200 cm?. It is then transferred
through a funnel to the tipping bucket, which can hold 2 cm® (2g equivalent to a precipitation
rate of 0.1 mm per square meter) of water. Since this bucket has been installed unprotected
from the wind, some under catches may be experienced, especially when precipitation falls in
a solid or mixed form. The raw precipitation data were corrected for aerodynamic effects using
a dynamic correction model in accordance with a manual detailing the operational correction
of Nordic precipitation data (Ferland et al., 1996). However, the adjusted precipitation was
lower during certain periods than the measurement taken from the black roof. It was for this
reason that the black reference roof was used, as it provided a simple correction coefficient
based on registered flow. In addition, the precipitation gauge was cleaned and calibrated on an

annual basis.

During 2016 — before the green and grey roofs were installed — rainfall measurements were
performed over a period of four months using manual rain gauges (simple plastic non-digital
cones which must be handled manually and require eight gauges per roof) in order to record
the rainfall distribution over the roofs and see if the roofs were receiving equal amounts of
precipitation during non-snowy periods. No significant difference was found between the

individual plots’ registered volumes.

Flow measurement

The runoff collection from each of the roofs was measured using a weight-based system with
two tanks downstream of the drainage outlets. The collection tanks had two conditions for
emptying: they were automatically emptied every 30 min and when the weight of the water

approached the tank’s capacity (30 kg).

In addition, the weight-based tanks were cleaned and calibrated annually by the provider
(VisionTech AS). The weight-based system allowed measuring flows ranging from very low
to very high values; therefore, this system is suitable for measuring flow generated from natural
precipitation. However, during the data collection period for Paper 2, it was noticed that the
tanks had a limited maximum capacity. In the case of the black roof, the collection tanks

overflowed while the highest level of inflow intensity was being run.
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Moisture measurement

The soil moisture (water content) was measured using a 5STM soil moisture and temperature
sensor. This sensor determines volumetric water content (VWC) by measuring the dielectric
constant of the soil (or other media) using capacitance/frequency domain technology. The
sensor uses a 70 MHz frequency, which minimizes salinity and textural effects, thereby
ensuring its measurement uncertainty in most soils and soil-free media. The sensors were tested
under laboratory conditions, and calibration equations were provided. Due to a larger measured
span in the field measurement than in the laboratory, the soil moisture was expressed by its
degree of saturation. Additional laboratory experiments for estimating maximum water holding
capacity (MWHC) were conducted according to the procedure provided in the German Green
Roofing Guideline, published by the Landscape Development and Landscaping Research
Society (FLL, 2008).

2.3 Hydrometeorological data - Risvollan Urban Hydrological Station

(RUHS)
Hydrometeorological data from RUHS from the years 2017 and 2018 were only used in Paper

5 (additional information can be found in section 2.8 Methods in Paper 5). The reason
for using data gathered during this particular year was that the calibration and validation data
for Papers 3 and 4 were gathered during this same year. The Norwegian University of Science
and Technology (NTNU), in collaboration with the city of Trondheim and the Norwegian
Water Resources and Energy Directorate (NVE), controls a gauging station located at the
catchment outlet. The station is equipped with a data logger CR 1000 Campbell Scientific, Inc.
which registers e.g. precipitation, air temperature, wind speed and stormwater flow. During
2017 alone, 1,146 mm of precipitation was registered by a heated tipping bucket rain gauge
Lambrecht meteo GmbH having a resolution of 0.1 mm at 1-min intervals and with uncertainty
+2% and 502 mm of runoff using a V-notch weir equipped by a pressure sensor IMCTL
Submersible level & temperature transmitter at 1-min intervals with uncertainty +/-0.1%. The
air temperature was measured using a temperature probe Vaisala HMP45 ranging from -15.8
°C to 28.5 °C with an average value of 5.9 °C and uncertainty + 0.2 °C at 20 °C. The wind
speed was measured using an ultrasonic anemometer Young 85004 ranging from 0.56 km/h to
8.51 km/h with an average value of 2.59 km/h and uncertainty +2% for wind speed within 0 to
108 km/h. According to the local climate, the year was divided into a cold period from October

to April and a warm period from May to September. This was based on the fact that negative
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temperatures, snowfall, and snowmelt considerably impact runoff characteristics, whereas,

during the warm period, the rainfall is directly transferred to the runoff.

The municipality of Trondheim provided data, as it has a drainage stormwater network that
contains 222 manholes and 222 stormwater conduits with a total length of 4,633 m and a
diameter ranging from 110 mm to 800 mm that conveys the runoff to the catchment outlet. It
should be noted that most of the information linked to the pipe depth or inverted elevation was

missing.

2.4 Methods in Paper 1

The monitored data from the field station were analysed for long-term continuous periods and
individual precipitation events within Solution I and Solution 2. Single precipitation events
were defined according to a minimum period of 6 h of antecedent dry weather period (ADWP),
as commonly used by several previous studies (Stovin et al., 2012; VanWoert et al., 2005). A
threshold precipitation depth of 0.5 mm was used to exclude insignificant precipitation events.
Similarly, a threshold discharge of 0.1 L/min was set to specify the start and end of runoff
events. The moisture content in expanded clay was recorded using Decagon 5TM soil moisture
and temperature sensors (delivered at the end of June). The moisture sensors were pre-
calibrated in the laboratory for minimum and maximum degrees of saturation (0% and 100%
saturation). Events were identified and sorted into five groups based on the type of
precipitation: rain, rain on snow, snow, snowmelt, and mixed. The events which were
designated as “mixed” typically had a long duration (several days) and experienced several

changes in precipitation type during this period.

Retention performance

Retention was considered to be long-term permanent water removal for the lifetime of
individual solutions. Retention capacity was determined to be percentual runoff reduction,
retained volume or normalized daily retention for total periods as well as partial (cold' and

warm?) periods:

Ret =P —R, 1)

where P is precipitation, R is runoff and Ret is retention.

! Period with snow and temperatures that can influence runoff (<0 °C).
2 Period without snow and negative temperatures.
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The retention at any given time was the sum of the evaporation (evapotranspiration) and the

water currently stored in the green or grey roof medium.

Detention performance

The detention capacity of the green and grey roofs was assessed as the ability to attenuate and
delay peak flows as well as reduce the total volume in comparison with to the response of the
black roof for the ten largest events within each configuration and test period. This analysis
was carried out on an event basis. In some cases, several peaks were observed in a single event
due to its lengthy duration (several days). The individual approach was applied to these cases.

The peak flow reduction was determined as follows:

Peak Reduction = 1 — 26Rmax

@

where QGr, max 1s the maximum flow recorded per event from the green/grey roof, and Opz, max

7
QBR,max

is the maximum flow recorded per event from the black roof. The peak delay was determined

as follows:

Peak Delay = Tgrmax — TR maxs 3)
where TGr, max 1s the time of maximum flow recorded per event from the green/grey roof and
TBR, max 18 the time of maximum flow recorded per event from the black roof. Additionally, any
delays were analysed as delays of individual events’ centroid. Volume reduction was

determined as follows:

Volume Reduction = 1 — ZGRtot

VBRtot’ (4)

where Vg wo: s the total volume recorded per event from the green/grey roof, and Vg« is the

total volume recorded per event from the black roof.

2.5 Methods in Paper 2

The vegetated roof configuration (in Paper 2 called the detention-based green roof) and the
abovementioned black roof from Solution 2 were used for running extreme precipitation
(Figure 2). The field site at Hovringen was equipped with a setup using a grid of non-regulated
nozzles (4 nozzles in 4 lines) connected to the water supply, which was used to generate the
precipitation (Figure 4). The nozzles were placed 1.5 m above the roof structure to ensure the
water’s maximal spreading effect. A simple method to measure flow rates from each nozzle
and assess water distribution over the roof with respect to different inflows was performed by

volume measurement over time. The water distribution error was recorded line by line, and the
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enlarged uncertainty (BIPM et al., 2009) with respect to the water spatial distribution was
+3 %. Additionally, eight plexiglass tubes were buried vertically along the longitudinal edge
of the roof for visual observation and estimation of spatial water distribution within the roof at
the beginning and the end of each individual event during the tests. The inflow rates were
measured by an electromagnetic flowmeter Siemens Sitrans FM MAG 5000 with uncertainty
+ 0.4% of the flow rate and regulated using two valves, which allowed for changes in inflow
duration and intensity. A gate valve was used to fine-tune the flow, and a ball valve was used
to open or close the system. The decision was made to run rainfalls with different durations,
intensities, and inter-event periods (ranging from 5 minutes to more than 74 minutes) to enable
different initial water contents in the roof and differently shaped hyetographs. The range of
intensities (from 0.8 to 2.5 mm/min) was limited by the minimal flow due to nozzle spread and

maximum flow by the capacity of the flow measuring tanks.

Figure 4 Rainfall simulator over the detention-based green roof on 11.6.2019.

Precipitation was the only aspect of climate change considered in this study. Firstly, the
concentration time of the detention-based green roof was tested for different inflow intensities
(0.8, 1.0, 1.2, 1.4, 1.7, 2.0, and 2.5 mm/min) and compared to the concentration time of the
black roof (this can be seen in Paper 2). The duration of each event was to ensure that inflow
and outflow intensities were equal or within the measurement uncertainty for inflow (2 %) and
outflow (2 %). Moreover, precipitation depths for the 20-year return period (RP) from Depth-
Duration-Frequency (DDF) curves for three different cities (Bergen (BER), Oslo (OSL), and
Trondheim (TRO)) were extracted (Table 1). It should be kept in mind that the designations
Bergen (BER), Oslo (OSL), and Trondheim (TRO) in Paper 2 were related to events
differentiation and were thus different from those used in Paper 4, where they represented

rooftop configurations. These precipitation depths were multiplied by a climate factor of 1.4 to

16



Chapter 2 Materials and Methods

estimate expected rainfall in the period between 2071-2100, including a worst-case scenario
with Representative Concentration Pathway (RCP) 8.5 for short-term events

(https://www.klimaservicesenter.no/).

Secondly, different hyetographs (TRO 2, 2a, 2b, 2¢, and 2d), keeping the same rainfall depth
(16 mm) and duration (16 minutes) were tested in order to identify the rainfall pattern to which

the roof runoff is most sensitive (Table 1 and Figure 6):

I) mean intensity of 1.0 mm/min over 16 minutes (TRO 2),

II) 2-minute peak of 2.6 mm/min in the beginning and 14-minute intensity of 0.8 mm/min
(TRO 2a),

[II) 7-minute intensity of 0.8 mm/min, 2-minute peak of 2.6 mm/min in the middle and 7-
minute intensity of 0.8 mm/min (TRO 2b),

IV) 14-minute intensity of 0.8 mm/min and 2-minute peak of 2.6 mm/min in the end (TRO
2¢),

V) three 2-minute peaks of 2.6 mm/min (TRO 2d).

Thirdly, the list of events was expanded for two other cities, Bergen and Oslo (as mentioned
before), with precipitation depths for the 20-year RP multiplied by the climate factor of 1.4.
According to 20-year RP from DDF curves, four rainfall depths were selected for Trondheim
(TRO 1, TRO 2, TRO 3, and TRO 4), two events for Bergen (BER 1, and BER 2) and two
events for Oslo (OSL 1 and OSL 2), as shown in Table 1 and Figure 7.

Table 1 Summary of the tested rainfall events extracted from DDF curves for the three locations of Trondheim,
Oslo, and Bergen with and without climate factor. The green column shows the events with a primary focus of 20
RP; the rest was transposed to other locations. (Paper 2 - Hamouz et al. - Accepted for publication)

. . Number  of Return Period Return period CF=1.4
ID Intensity Depth Duration hyetographs ~TRO w OSL w BER | TRO \ OSL \ BER
- [mm/min] [mm] [mm:ss] [Nr.perday] [YYYY] [YYYY]
TRO 1 1.7 12 07:00 9 200 20-25 100 20 5 5-10
TRO 2 1.0 16 16:00 8 200 5-10 100 20 2 5
TRO2a 1.0 16 16:00 7 200 5-10 100 20 2 5
TRO2b 1.0 16 16:00 8 200 5-10 100 20 2 5
TRO2c 1.0 16 16:00 6 200 5-10 100 20 2 5
TRO2d 1.0 16 16:00 6 200 5-10 100 20 2 5
TRO 3 2.6 9 03:30 9 200 100 -200 {100 20 10 5-10
TRO 4 0.8 20 26:00 6 200 5-10 100 20 2 5
OSL 1 1.7 23 16:00 5 >>200 { 200 - >200 | >>200 | >200 { 20 200 - >200
OSL 2 1.0 45 44:00 3 >>200 { 200 - >200 | >>200 | >200 { 20 200
BER 1 1.7 16 09:00 6 >200 §50-100 >200 |50 5-10{20
BER 2 1.0 28 23:00 5 >200 20 >200 |50 5 20
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For all simulated rainfall events, a set of condition indicators:

e [nitial Relative Water Content [mm] — initial water content based on water
balance;

e Peak Relative Water Content [mm] — the highest value of water content observed
before peak runoff;

e Peak Rainfall [mm/min] - maximum rainfall at | min time intervals;
and performance indicators was estimated:

e Peak Runof f [mm/min] - maximum runoff at 1 min time intervals;
Peak Rainfall—Peak Runof f
Peak Rainfall
e Peak Delay [min] - the time between the peak rainfall (the maximum and the last peak

e Peak Attenuation [—] = - percentual runoff reduction;
when observing multiple peaks) and peak runoff;

e (entroid Delay [min] — a delay between the mass centre of the rainfall and mass
centre of the associated runoff;

e T50 [min] - a delay between 50 % of the volume of the rain supplied on the roof and

50 % of the volume released out of the roof.

2.6 Methods in Paper 3

The Storm Water Management Model (SWMM) 5.1.012, including the Low Impact
Development (LID) Controls module specifically designed for modelling SUDS (Sustainable
Urban Drainage Systems), was used for the long-term and short-term simulations of runoff
quantity using the rainfall/runoff process with 1-minute time increase. The LID module
consists of three layers (surface, soil and drainage mat); however, only parameters included in
the soil and drainage layers were selected for calibration (Table 2). There were four parameters
in the soil layer (the porosity, field capacity, conductivity and conductivity slope) and two
parameters in the drainage mat (void fraction and roughness) that were calibrated. The initial
green and grey roof parameters, as well as the lower and upper boundaries used during the
calibration, were estimated from field measurements and the literature (Carson et al., 2017,
Krebs et al., 2016; Peng and Stovin, 2017; Rosa et al., 2015), or defaults (Rossman and Huber,
2016a; Rossman and Huber, 2016b).
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Table 2 LID Green roof control editor and its parameters with initial values and lower and upper bounds.
(Hamouz and Muthanna, 2019)

Control name Green roof Grey roof Data source
Parameter Initial value  Range Initial value Range

SURFACE

Berm Height (mm) 500 - 500 - A
Vegetation Volume Fraction 0.1 - 0 - B

ISI;thace Roughness (Manning’s 0.05 ) 0.015 . C

Surface Slope (%) 2 - 2 - A

SOIL

Thickness (mm) 30 - 200 - A

Porosity (volume fraction) * 0.5 0.45-0.60 0.6 0.45-0.65 b,c,d,e, f

Field Capacity (volume

fraction) * 0.3 0.20-0.45 0.1 0.02-0.2 b,c,d,e, f

Wilting Point (volume fraction)  0.05 - 0.01 - b,c,d,e, f, g
Conductivity (mm/h) * 25 10-1000 1432 500-3000 b,c,d,e, f
Conductivity Slope * 15 5-60 10 5-60 b,c,d,e, h
Suction Head (mm) 110 - 10 - b,c,d, g
DRAINAGE MAT

Thickness (mm) 10 - 10 - A

Void Fraction* 0.5 0.01-1 0.5 0.01-1 B
Roughness (Manning’s n) * 0.1 0.01-0.4 0.1 0.01-0.4 B

* parameters for calibration

Site specific a Laboratory analysis e
(Rossman, 2015) b (FLL, 2008) f
(Rossman and Huber, 2016a) c (Rosa et al., 2015) g
(Rossman and Huber, 2016b) d (Palla and Gnecco, 2015) h

Data
source

A long-term continuous calibration was chosen in order to prevent eventual validation issues
while comparing events having different characteristics. Data (for Solution I') gathered between
the 11th of May 2017 and 3 1st of July 2017 served for the model calibration. The calibration
period included five larger events, while six events were used for model validation (Table 10).
Two objective functions were applied to evaluate the model performance by the Nash-Sutcliffe
Model Efficiency (NSME) and volume error (VE) in both the calibration and validation periods
using a long-term continuous dataset as well as an event-based dataset. In general, the closer
the NSME (eq. 5) is to 1, the more accurately the model can predict the observed performance,
while an NSME greater than 0.5 indicates an acceptable model performance (Rosa et al., 2015).
Regarding water balance evaluation, the volume error (VE) (eq. 6) was used to calculate

discrepancies between observed and simulated runoffs.

Zrll(Qobs.i B Qsim,i)z

NSME =1 — - :
Zl(QObS,i - Qobs)z (5)
Vobs B Vsim
VE = ——— 100,
Vobs (6)

where Q5 1s the observed discharge and Q;,y, ; is the simulated discharge, Q5 ; is the mean
of observed discharge, and V,,s and Vg, are the observed and simulated runoff volumes,

respectively. The final parameters were achieved by applying the Shuffled Complex Evolution
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(SCE) algorithm (Duan et al., 1992). The SCE method is based on four concepts that aim for
achieving efficient global optimization. The calibration process was based on random sampling
from a predefined variable range where each parameter had its lower and upper boundaries
delineated. The SCE algorithm uses an initial guess to generate a sequence of improving
approximate solutions to reach the highest NSME, where the n-th approximation was derived
from the previous ones. The termination criteria of the calibration process were based on the

principle of convergence (Duan et al., 1992).

2.7 Methods in Paper 4

Similarly, as in Paper 3, the runoff from various rooftop configurations was simulated using
SWMM version 5.1.012, including the green roof LID module. The intention in Paper 4 was
to discover whether or not the model could provide comparable parameters representing the
individual layers within the green roof LID module. Whereas in Paper 3 the number of
parameters for calibration was only six, in Paper 4 the number of parameters for calibration
was extended to 12. Initial parameter values, as well as lower and upper boundaries for the
calibration, were estimated from examining field observations and laboratory experiments
from other studies (Cipolla et al., 2016; Krebs et al., 2016; Palla and Gnecco, 2015; Peng and
Stovin, 2017; Rosa et al., 2015) or from SWMM manuals (Rossman, 2015; Rossman and
Huber, 2016b). Various field sites containing not only extensive green roofs but also black
bitumen reference roofs and a non-vegetated media (grey roof) of various scales were
modelled. Continuous-time series from the field rooftops and short-term (event-based) data
records from the laboratory were used as inputs to the hydrological model. Test plots (8—15m?)
as well as full-scale (100m?) field sites were set up in different cities representing Norway’s
typical coastal climate and various rainfall patterns. These cities were Bergen (BER), Oslo
(OSL), Sandnes (SAN) and Trondheim. In Trondheim, data from two different test sites,
Risvollan (RIS) and Hevringen, were included (HOV). Moreover, laboratory tests were
conducted to supplement field studies. Each monitored roof was identified by its location and
a number (e.g. BER1 and BER3). At two sites (OSL1 and HOV2), a black bitumen roof was
used as a reference roof, while a grey roof was tested at one site (HOV1). Three groups of
extensive green roofs from three different suppliers (A, B and C), which henceforth should be
referred to as Type A, Type B and Type C, were tested; more information about the individual

types may be found in (Johannessen et al., 2019).
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The optimal model parameters were identified through model calibration using the Shuffled
Complex Evolution (SCE) algorithm (Duan et al., 1992). The Nash—Sutcliffe Efficiency
(NSME) (eq. 5) (Nash and Sutcliffe, 1970) and the volume error (VE) (eq. 6) were used for
model evaluation. Parameter spans providing acceptable model performance were defined as
the 5-95% percentile of all parameters fulfilling the requirement of NSME > 0.5 or [VE|<25%.
A two-step calibration procedure separating the volume calibration (retention performance)
from the peak runoff calibration (detention performance) was carried out. Retention-related
parameters (soil field capacity, wilting point and soil recovery constant) were calibrated with
continuous time-series first and evaluated based on volume errors. These parameters were then
kept constant while the remaining detention-related parameters were calibrated on selected

events having high-intensity precipitation and evaluated with NSME.

2.8 Methods in Paper 5
The study contains data from two field research stations located in Trondheim, Norway. The
first field station is used for testing different rooftop solutions (Figure 1, Figure 2 and Figure

3,63°26'47.5"N 10°20'11"E) and is equipped with a meteorological station, including a high-

resolution precipitation gauge. Data from this field station was used as input to the roof
configurations, this data originate from previous published studies (more information may be
found in Papers 1 and 3 (Hamouz et al., 2018; Hamouz and Muthanna, 2019). The second site
is a research urban hydrological catchment (Figure 5, catchment outlet 63°23'55.1"N
10°25"22"E) established by the Norwegian University of Science and Technology (NTNU)
together the city of Trondheim and Norwegian Water Resources and Energy Directorate
(NVE), used for long-term monitoring and data collection of hydraulic and hydrological

processes in the urban area (Hailegeorgis and Alfredsen, 2018; Matheussen, 2004).
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Figure 5 Risvollan catchment with the stormwater drainage network and flat roofs (yellow shaded) chosen for
the green and grey roofs’ implementation. (Paper 5 - Hamouz et al. — in review)

The Risvollan experimental urban catchment has separate sewers for wastewater and
stormwater and is located at a ground elevation ranging from 85 to 134 m above sea level at
Risvollan in Trondheim, Norway. It occupies 20.6 ha which is characterized as 57 % pervious
and 43 % impervious landuse. The catchment delineation and discretization were carried out
in ArcGIS Desktop 10.7 (Environmental Systems Research Institute, California, USA) using

high-resolution aerial photographs (https://kartkatalog.geonorge.no), and a digital elevation

model (DEM) was made out of light detection and ranging (LiDAR) data with a resolution of

25 cm (https://hoydedata.no/Laserlnnsyn/). All green areas were considered to be pervious,
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and thus equal to 57 %, whereas the impervious areas were represented by 8.9 % roads, 6.3 %
parking lots, 2.9 % paths, 11.9 % courtyards, 1.2 % playgrounds, 1% pitched rooftops and 10.7
% flat roofs.

This study used the PCSWMM Professional model version 7.2.2785 (64-bit) (Computation
Hydraulics International, Ontario, Canada) with the SWMM 5.1.013 hydrology and hydraulics
engine, which was primarily developed for modelling of water quantity and quality in urban
areas for both short- and long-term simulation runs (James et al., 2010). The PCSWMM model
is a modelling software for stormwater, wastewater, watershed, and water distribution systems

(https://www.pcswmm.com/), including import functions for entity and attribute data from GIS

(Geographic Information System) formats as well as coordinate system of the desired location.
The PCSWMM model is also the spatial decision support system for stormwater management
modelling, which was essential for this study. Sub-catchments in the PCSWMM model are
characterized by the area, width (or flow length), slope, impervious cover, depression storage
on the pervious and impervious areas, and Manning’s roughness for the pervious and
impervious areas. The parametrization of the sub-catchment area, width (length), slope, and
the fraction of impervious cover was performed using GIS. In particular, the parameters
identified from spatial analysis — sub-catchment width, slope, and the impervious cover — were
found to contain errors and were therefore inspected during the sensitivity analysis (Liong et
al., 1991), e.g. information about where stormwater from courtyards flows in order to
determine stormwater redistribution between subareas. The sensitivity-based radio tuning
calibration (SRTC) tool within the PCSWMM model served to identify sensitive parameters
within the model and the minimum number of key parameters for model calibration using long-
term simulation runs (James et al., 2010). Sensitivity was tested on 17 parameters: eight
parameters in the sub-catchment layer, three parameters in the Green-Ampt infiltration model,
four parameters in the Snow Pack layer, one parameter in the conduits, and one parameter in
the network junction. Each parameter was increased and decreased by +10, and +50 %, and its
quality of fit was evaluated for the continuous period as well as the period without snowfall

and negative temperatures.

The model’s performance during the sensitivity analysis, the parameters’ optimization and
individual events were evaluated using a coefficient of determination (R?) (eq. 7), Nash-

Sutcliffe model efficiency (eq. 5), volume error (eq. 6) and mean flow error (MFE) (eq. 8).
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RSS
R2=1—— 7
TSS @)
IVIFubs_1\/”;‘51'mﬁk
MFobs

MFE = 100, ®)

where RSS is the sum of squares of residuals, TSS is the total sum of squares, MF,,, is the

observed mean flow, and MFj;,, is the simulated mean flow.

Rooftop retrofitting scenarios

According to the spatial analysis, the study catchment accounts for 10.7 % of flat roofs (yellow-
shaded in Figure 5). In total, nine scenarios were created in this study. Flat roofs were changed
from a conventional black roof, which was used as a reference called “Scenario A”, to either a
vegetated green “Scenario B, D, F, and H” or a non-vegetated grey roof “Scenario C, E, G, and
I”” (scenarios A B C D and E can be found in Table 3, supplementary scenarios F, G, H and 1
can be found in Paper 5). While the scenarios A, B and C retained actual roof area located in
the catchment, the scenarios D and E fictionally tested double roof area. The vegetated green
and non-vegetated grey roofs were calibrated using the EPA SWMM Green roof LID module.
More information may be found in Paper 3 (Hamouz and Muthanna, 2019). It was tested how
the green and grey roof implementation impacts runoff in the catchment in terms of peak flows,
volume reduction, and exceedance of three thresholds (100, 50 and 25 L/s). The thresholds
were defined by flow analysis subdividing the high-resolution 1-min flow dataset into three
groups according to flow magnitude. The roof area was fictionally doubled (Table 3) to
investigate how this change in proportion between impervious cover and green and grey roofs
would affect the runoff. Additionally, placement of the green and grey roofs was investigated
to be located upstream and downstream to check whether the location of the retrofitted roofs
would be important for runoff alteration in the catchment outlet or not. In this case, the actual
roof area (10.7 % for the whole catchment) was fictionally used in either downstream sub-
catchments or upstream sub-catchments, however only in subcatchments where the flat roofs

appear originally.

Table 3 Tested rooftops scenarios (more about the scenarios may be found in Paper 5)

Designation | Roofarea  Scenario type Note
A Actual® Do nothing Table 13, Table 14
B Actual® Green roofs Table 13
C Actual® Grey roofs Table 13
D Double? Green roofs Table 14
E Double*  Grey roofs Table 14

3 According to the spatial analysis.
4 Two times of the actual roof area.
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Chapter 3 Results and Discussion

This chapter presents the main results achieved from the five scientific papers, focusing on
their relevant findings and connections to one another. Results from the papers will not be

discussed in detail, as the full version of selected papers is provided in Appendix B: Selected

papers.

3.1 Results and discussion of Paper 1 (extended version)

The first research question aimed to explore which tested rooftop configuration provided the
best hydrological performance for stormwater management. The knowledge gained from the
monitoring of hydrometeorological data related to Paper 1 was applied to other papers:
“Investigate the retention and detention performances of different configurations of green and
grey roofs for stormwater management. Which configuration provides the best retention and

detention performances in a cold climate?”

Retention and detention performances of the LECA-based roof (grey roof) from Paper 1 were
extended to the individually tested solutions (Solution 1 and Solution 2, description of
individual configurations may be found in Chapter 2 Materials and Methods) to find the best
configuration for stormwater management. In this case, Paper 1 served as a concept for

developing methodology and discussing results before a larger quantity of data was recorded.

Retention performance

The retention was investigated and compared in Solution 1 and Solution 2. However, the
duration of each solution for assessment varied. For Solution 1, the hydrometeorological data

was monitored for 417 days starting in April 2017 (NB.: in April 2017, the first green roof was
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installed at the field station at Hevringen, which completed Solution I with green, grey and
black roof) whereas, data recorded for Solution 2 lasted 316 days. It was found that sums of
raw precipitation were lower than precipitation adjusted for acrodynamic effects (Table 4), -26

mm and -33 mm respectively for Solution 1 and for Solution 2.

Moreover, even larger differences were found when comparing raw precipitation from
precipitation gauge with runoff records from the black roof, -52 mm (-5 %) for Solution I and
-148 (-14 %) mm for Solution 2. The long-term observation was distributed into the warm and
cold periods in order to investigate the source of the largest errors. It was detected that the
largest under-catch occurred during the cold periods for both solutions, -51 mm (-11 %) for
Solution 1 and -119 (-22 %) mm for Solution 2. Due to this, the black roof was used as a

reference.

Table 4 Long-term precipitation/runoff records for Solution 1 and Solution 2. Values in the brackets are percental
volume errors with respect to raw precipitation.

Precipitation Total runoff

Period Days Raw [mm)] /[?;113;11 ]sted Grey [mm]  Black [mm] Green [mm]
Solution 1 April/17 - June/18 417 997 1023 983 (1%) 1049 (-5%) 824 (17%)
Solution 2 July/18 - May/19 316 1071 1104 1151 (-7%) 1220 (-14%) 1070 (0.1%)
Solution 1 Cold period 188 468 486 505 (-8%) 518 (-11%) 490(-5%)

Warm period 229 529 537 478 (10%)  530(-0.2%) 334 (37%)
Solution 2 Cold period 180 505 535 616 (-22%) 624 (-24%) 617 (-22%)

Warm period 136 567 569 535 (6%) 596 (-5%) 453 (20%)

Note to solution 1: cold period - November/17 - April/18; warm period -April/17 - October/17 + May/18 - June/18
Note to solution 2: cold period - November/18 - April/19; warm period -July/18 - October/18 + May/19

The total retention of the green and grey roofs with respect to the black roof for the examined
periods may be found as either percentual runoff reduction, retained volume or normalized
daily retention. The green roof was able to retain 225 mm of runoff (21 % of the total black
roof runoff) for Solution 1 and 149 mm of runoff (12 % of the entire black roof runoff) for
Solution 2 (Table 5). The retention of the grey roof was lower retaining 65 mm and 68 mm

respectively for Solution I and for Solution 2.

Retention performance in a cold climate like Trondheim has a strong seasonality in the
performance. Though the temperature and wind measurements varied little during the two
warm periods, the seasonal duration can vary greatly. For Solution 1, the warm period lasted
93 days longer than Solution 2. This makes it important to consider the normalized daily
retention during which the green roof retained 0.86 mm per day for Solution I compared to

1.05 mm per day for Solution 2.
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Overall, the green roof configuration had more than double the retention of the grey roof in all
the cases (Table 5). This clearly demonstrates that the green roof should be favoured in terms

of retention before the grey roof.

Table 5 Long-term runoff measurements for Solution 1 and Solution 2, including runoff reduction, retention and
normalized daily retention for the green and grey roofs with respect to the black roof.

Total runoff rclrillll;::(t)if:)fn Total retention | Norm. daily retention
Period  Days Grey  Black Green |Grey Green |Grey Green | Grey Green
[mm] [mm] [mm] [%] [%] [mm] [mm] [mm/day] [mm/day]
Sol. 1 417 983 1049 824 6% 21 % 65 225 0.16 0.54
Sol. 2 316 1151 1220 1070 6% 12 % 68 149 0.22 0.47
ol 1 Cold 188 505 518 490 3% 5% 13 28 0.07 0.15
’ Warm 229 478 530 334 10% 37% 52 197 0.23 0.86
Sol. 2 Cold 180 616 624 617 1% 1% 8 7 0.04 0.04
) Warm 136 535 596 453 10%  24% 61 143 0.45 1.05

Detention performance

A total of 151 events were registered in Solution I in the period between April 2017 and June
2018 and 103 events in Solution 2 in the period between July 2018 and May 2019. The majority
of these events were precipitation in the form of rain, including 91 events for Solution 1 and
64 for Solution 2. The detention performance of the green and grey roof was evaluated using
peak flow delay, peak flow reduction and volume reduction for the ten largest registered 5-min
intensities for all tested periods involved in Solution I and Solution 2 (Table 6, Table 7, Table
8, Table 9). In addition, largest events within the cold and warm period according to the
maximum black roof runoff for Solution I and Solution 2 were included for comparison in
Appendix A: Supplementary materials (Table 16-Table 23). Observed maximum black roof
runoffs and runoffs corresponding to the green and grey roofs can be found in Appendix A:
Supplementary materials in Figure 12 and Figure 13 and probability exceedance of the black,

green and grey roof maximum daily runoffs in Figure 14 and Figure 15.

The record of events for each Solution lacked extreme precipitations, containing only one event
with a 2-year return period for each Solution (Appendix A: Supplementary materials in Figure
10 and Figure 11). The events ranged greatly in duration (from 8 minutes to more than four
days), precipitation depth (from 3.4 to 61.7 mm) and mean intensity (from 0.5 to 25.6 mm/h);
consequently, there was also a considerable variation in peak delays. While some long-duration
events depending on precipitation pattern and intensity can produce very long delays, the most
observed delays for “normal” shorter events are in a range of minutes. The grey roof
outperformed the extensive green roof in terms of detention being more sensitive to

precipitation which generated larger volume and less sensitive to intense precipitation.
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Table 6 Ten events according to max 5-min precipitation intensity for Solution 1, including peak delay for the
extensive green and grey roofs with respect to the black roof.

Event Duration Precipitation Mean int. Max 5-min Peak delay Peak delay
nr Type Start [hours]  depth [mm] [mm/h] int. [mm/h]  [black vs. grey] [black vs. green]
50 Rain 19.08.2017 28:47 58.1 2.0 40.8 12:17 0:02
41 Rain 26.07.2017 0:08 3.4 25.6 21.6 0:00 0:01
53 Rain 29.08.2017 7:15 11.4 1.6 21.6 7:35 5:23
=z 6 Mixed 20.04.2017 69:34 39.5 0.6 17.6 2:30 0:14
2 34 Rain 12.07.2017 19:35 9.0 0.5 16.3 0:01 10:49
_: 91 ROS 08.12.2017 25:38 24.0 0.9 132 0:34 0:03
%] 56 Rain 13.09.2017 5:25 8.2 1.5 12.0 0:00 0:01
81 Rain 09.11.2017 17:03 14.0 0.8 12.0 7:22 0:44
89 Rain 01.12.2017  101:04 61.7 0.6 12.0 25:36 no delay
23 Rain 17.06.2017 74:38 60.4 0.8 11.6 36:42 35:31
ROS states rain on snow. Median 4:56 0:14
Mean 9:15 5:52

The grey roof performed better than the extensive green roof with respect to peak reduction,
producing a median of 93 % and mean of 86 % peak reduction. The peak reduction provided a
clearer and more clustered results with the exception of event 91, which was registered as rain
on snow. The green roof provided a median event-based retention of 9 % in comparison to the
grey roof, which had a median of 6 % for Solution 1. Regarding the largest events, there was
found to be a positive correlation between precipitation depth and retained water in the roof.
The events that had a negative volume reduction were influenced by antecedent events. Thus,
part of the water was conveyed between the events. Due to this factor, the initial runoff may
also be used as a performance corrector, or predictor, in addition to the degree of saturation.
Higher initial runoffs correlated to higher degrees of saturation in the media from previous

events.

Table 7 Ten events according to max 5-min precipitation intensity for Solution 1, including peak reduction and
volume reduction for the extensive green and grey roofs with respect to the black roof.

Event Peak reduction Peak reduction Volume reduction ~ Volume reduction ~ Grey degree  Green degree
nr [black vs. grey]  [black vs. green] [black vs. grey] [black vs. green]  of saturation _ of saturation
50 93 % 75 % 4% 9% 33% 37 %
41 97 % 95 % 92 % 95 % 32% 21 %
53 97 % 95 % 48 % 64 % 32% 36 %
= 6 85 % 30 % 5% 7% - -
g 34 97 % 88 % -5% 8 % 36 % 59 %
% 91 43 % 0% 0% -1% 47 % 57 %
7] 56 95 % 92 % 34 % 92 % 32% 16 %
81 93 % 87 % 7% 9% 33% 63 %
89 82 % 50 % 43 % 7% 11% 18 %
23 80 % 38% 5% 11 % - -
Median 93 % 81 % 6 % 9%
Mean 86 % 65 % 22% 30 %
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Table 8 Ten events according to max 5-min precipitation intensity for Solution 2, including peak delay for the
detention-based green and grey roofs with respect to the black roof.

Event Duration ~ Precipitation Mean int. Max 5-min int. Peak delay Peak delay
nr Type Start [hours] depth [mm] [mm/h] [mm/h] [black vs. grey]  [black vs. green]
9 Rain 10.08.2018 29:49 57.2 1.9 30.0 no delay (-1) 0:00
2 Rain 18.07.2018 9:40 6.8 0.7 19.2 0:01 no runoff
8 Rain 09.08.2018 0:09 22 15.0 19.2 0:02 0:04
2 29 Rain 25.09.2018 30:58 20.2 0.7 16.8 1:20 1:20
.8 44 Rain 22.10.2018 14:46 229 1.5 13.2 7:14 7:11
% 6 Rain 05.08.2018 31:36 26.1 0.8 12.0 0:01 0:01
%] 12 Rain 18.08.2018 41:10 13.2 0.3 12.0 0:01 0:07
88 ROS 24.03.2019 16:32 40.8 25 12.0 no delay no delay
7 Rain 09.08.2018 3:45 3.8 1.0 10.8 0:10 0:15
21 Rain 12.09.2018 11:06 16.3 1.5 10.8 2:34 0:45
ROS states rain on snow. Median 0:06 0:11
Mean 1:25 1:12

In Solution 2, the peak delay and peak reduction were comparable for both the green and grey
roofs. Still, the green roof outperformed the grey roof in all the indicators (Table 8 and Table
9). The reason for this was due to the green roof build-up (more information may be found in
Chapter 2 Materials and Methods), which was upgraded with a detention layer consisting of
expanded clay. This combination ensured that evapotranspiration could take part in the
regeneration process and create a thicker storage zone where the retardation of the lateral flow
provided extra detention. The evapotranspiration can be in the median volume reduction of

42 % and only 24 % for the grey roof (Table 9).

Table 9 Ten events according to max 5-min precipitation intensity for Solution 2, including peak reduction and

volume reduction for the detention-based green and grey roofs with respect to the black roof.
Event = Peak reduction Peak reduction Volume reduction  Volume reduction  Grey degree  Green degree

nr [black vs. grey]  [black vs. green] [black vs. grey] [black vs. green]  of saturation  of saturation
9 88 % 90 % 1% 7% 27 % 37 %
2 97 % 100 % 79 % 100 % 19 % 13%
8 98 % 100 % 57 % 95 % 28 % 36 %
2 29 93 % 94 % 5% 10 % 28 % 45 %
S 44 82 % 83 % 2% 5% 33% 52 %
_2 6 91 % 95 % 12 % 85 % 20 % 14 %
%] 12 97 % 98 % 3% 18 % 23 % 40 %
88 30 % 28 % -6 % 21% 35% 59 %
7 98 % 99 % 69 % 98 % 27 % 34%
21 92 % 95 % 23 % 66 % 21% 31 %
Median 93 % 95 % 9% 42 %
Mean 87 % 88 % 24 % 46 %

A number of events were recorded as long-duration events lasting more than one day using the
six hours of ADWP. A total of 19 and 25 events were logged exceeding 24 hours duration, and
5 and 9 events exceeded 48 hours duration for Solution I and Solution 2 respectively. Several
of the larger events, which were used to assess the detention performance, were included in
these categories. These events were more complicated for evaluation, as peak runoff could
appear under different precipitation patterns. While the extensive green roof and the reference
black roof were more sensitive to relatively short, intense periods of rainfall, the detention-
based green and grey roofs were able to transform these events. On the other hand, events

having a long duration could generate worse performance, producing larger volumes of runoff
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from these roofs. This can be explained by the volume build up over the long duration of the
event, causing a larger peak when the storage capacity is full. Considering long-duration events
and their maximum runoffs as the representative value may overestimate the overall
performance in terms of the peak delay, even though it is more natural to compare events
according to maximum registered values. The irregularity of natural rainfall patterns, combined
with the variability in the detention effect in specific events, complicates the identification of

peak-to-peak delays.
In summary, the retention and detention performance of these configurations show following:

o Solution I: The extensive green roof provided stormwater retention during the warm
period by evapotranspirating 37 % (with a normalized daily retention rate of 0.86
mm/day) of total black roof runoff. In terms of the detention performance, the grey roof
outperformed the extensive green roof in peak reduction with a median of 93 % for the
largest recorded events.

e Solution 2: underlaying the detention-based green roof with expanded clay resulted in
an improvement of the detention performance in addition to improving stormwater
retention with a long-term runoff reduction of 24 % during the warm period translated
to a normalized daily retention rate of 1.05 mm/day. The detention-based green
performed similarly to the grey roof in terms of peak delay (producing a median of 11
minutes vs. 6 minutes) and peak reduction (with a median of 95 % vs. 93 %) but
outperformed the grey roof in volume reduction more than four times over (producing

a median of 42 % vs. 9 %).

3.2 Results and discussion of Paper 2

The second research question investigated the use of the retention and detention-based roofs
for managing extreme precipitation under different initial moisture conditions in the current
and future changing climate: “What is the influence of rainfall intensity and pattern, including

extreme events, on the performance of the detention-based green roofs?”

The detention impact of a detention-based green roof, consisting of Sedum mats underlaid with
expanded clay, was tested for current and future climate conditions during extreme
precipitation using an artificial rainfall generator. Figure 6 shows several indicators selected to
assess the effect of the hyetograph’s shape. A clear relationship was found between initial water
content and peak runoff, similar to others (Li and Babcock, 2014; Locatelli et al., 2014;

Villarreal and Bengtsson, 2005). Peak runoffs increased exponentially with respect to the initial
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available space in the roof and relative water content. On the other hand, the centroid delay and
T50 exponentially decreased with respect to the initial water content in the roof. It was found
that having the peak at the end (TRO 2b) or the middle (TRO 2c) of the rainfall event caused

the poorest performance (highest peak runoff).
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Chapter 3 Results and Discussion

When analysing peak runoff versus initial moisture content (Figure 7), it is noticeable that the
events corresponding to Oslo generally generated higher runoffs than events in Bergen and
Trondheim. Depending on the location and antecedent amounts of rainfall, initial conditions
can change considerably. However, according to DDF curves and climate (Johannessen et al.,
2018; Peel et al., 2007), Oslo is likely to have lower initial water content than Trondheim or
Bergen. Considering its low initial water content, the roof was more sensitive to longer periods
of rainfall with lower intensity (e.g., OSL 1 performed worse than OSL 2 when initial water
content was lower than field capacity). When starting with a high moisture level, the peak
runoff was close to the peak rainfall, and the roof was more vulnerable to shorter patterns with
higher intensity (e.g., OSL 1 performed better than OSL 2 when the initial water content was
higher than 30 mm). The same analysis may be done with OSL 2 and BER 1, or BER 1 and
BER 2, but the shift appeared with higher water content (50 mm). Consequently, it was not
possible to make an easy conclusion about performance depending on the location (Bergen,
Oslo and Trondheim). This is because in addition to the DDF curves, the design should be
based on different patterns depending on a range of initial water content levels, and those initial
conditions should also depend on location. The annual precipitation and number of
precipitation days were found for each location: Bergen (205 £18 days, 2715 +450 mm), Oslo
(122 £15 days, 861 £146 mm) and Trondheim ( 174 £14 days, 1191 +184 mm) according to

the Norwegian Meteorological Institute (https://www.met.no/). This shows that initial

conditions are likely to change according to their location, meaning that the initial moisture

condition is an important design consideration.

33



143

(uoyvonygnd .1of
pa1daddy - “[p j2 ZnOWDE - 7 4advd) ‘p'[ Jo 40100f a3pui1jo v Suipnjoul ‘SuoynIo] Jua.affip 1of Avjap proauad puv uoypnuayp yvad ‘[fount ypad usamiaq uostivduio)) ; 24Ny
[ww] usiuog Jerepn dAleleY ey [Www] usiuog Jeyepn aAle|ey (el
09 0S o o€ 0c ol 0 09 0s ov 0€ 0c ol 0
T T T T T T o f T T T T T T T O
T R ! 9o _ |
3 ok g " o 2150 @ Osw_ » @ ! 5
-] : nrno ! jooL S SO0 B W Vg 3 : ] 180
5 i ; gt e ® 2 ¢ 3 _ =
3 ! ! e 3 | 1v0 =
] Q &w 1 _\ N.._mm || % ] | =3
= Z : 1029 pour ¢ Ty > ! 5
=3 ol » © = = =h .
= . = 2 godl % 8 5 ® @ 190§
g 3 g ® ez zour @ ¥ Sm € S e 2
5 2 By 5 Lo¥L m W 2 00 E 180T
2 3 g = 2% o gm R e
Joov x -
[ww] Jusiuoy Jojep) sAlley dead [wwi] Jusyuon 11eAN OAREISY [ENIU|
04 09 0s ov o€ 0c 0l 0 09 0s ov o€ 0¢ ol 0
0 T T " Mmw_‘ _.MD _% T " s 0 0 T __ T " T M" T ‘Jnil 0
1] 1 I o) L% ™ i O o)
5 SO € " g oo 5" % " g
: : el g Sp P 5ok
2 o ¢ g | - m% e z | g
] =
Sgif  e¥wm - 3 i 18 Ser o=’ < + {18
o [ ] 4 = o = 9 o = =4 i —_
=R D’ o = 3 = = 9 a 3
= . 2 3 8 [e3 T ¢ w2 3 3 jg1 3
Z S s 2 2 S & a8 g . 3
G¢r m = =4 2 5 GCr ] -5 = 2 5
5 & g = 5 7 g =
= 4C -

uoIssnasI(] pue synsay ¢ 1dey)



Chapter 3 Results and Discussion

One natural event was found with a return period between two and five years, which generated
the maximum value of 0.602 mm/min for the black roof and 0.063 mm/min for the detention-
based green roof. According to the extreme precipitation tests, the level of outflow reaching
0.06 mm/min would equal a relative water content of approximately 30 mm. Given this initial

water content, the detention-based green roof would generate the following performance:

o centroid delay and T50 of 50 minutes for all the tested rains (Figure 6, Figure 7),
e peak attenuation larger than 50 % for the event in all tested locations (Figure 7),
e peak runoff lower than 0.25 mm/min (< 0.37 L/s) for the events from Trondheim,
e peak runoff lower than 0.5 mm/min (< 0.73 L/s) for the events from Bergen,

e peak runoff lower than 1 mm/min (< 1.47 L/s) for the events from Oslo.

Since peak flows generated by the roof followed an exponential curve, it was possible to
generalize an outflow curve as well as water content decreasing over time (both curves can be
found in Paper 2 in Figure 5 - Median-observed drainage curve for the green roof with 5™ and
95" percentile). It was observed that water content in the roof decreased from ponding in the
lower half of the roof (45 mm) to the outlet (35 mm) within 80 minutes and to the field capacity
(15 mm) within approximately 12 hours. Thus, the roof can regenerate its storage capacity for
large flows within a relatively short period and at the same time provide water detention, which

is represented by centroid delay or T50.

3.3 Results and discussion of Paper 3

The third research question was shared in Papers 3 and 4, aiming to simulate long-term
continuous runoff from retention and detention-based roofs and provide an optimal parameter
set which could be applied for design purposes using the EPA's Stormwater Management
Model: “Investigate the use of catchment scale modelling tools for design and performance

estimates for vegetated and non-vegetated roofs.”

The long-term (retention) and event-based (detention) observations for Solution I examined in
Paper 1 were used as input in Paper 3. The long-term continuous data applied for runoff
simulations using initial uncalibrated parameter sets indicated a correlation between the
observed and simulated runoffs from the green roof with the NSME set at 0.5. However, the
same did not apply for the simulated runoff from the grey roof with the NSME set at - 2.87,
where calibration was required. Due to this occurrence, six parameters in two LID layers

(namely the soil and drainage mat) were calibrated. Their values prior to and after calibration
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Chapter 3 Results and Discussion

are presented in Table 2. Some of the parameters (berm height, surface slope, thickness) were
kept fixed to preserve the physical description of the field setup as well as avoid
overparameterization. Substantial improvements to the model’s performance was achieved
after the calibration of both the green and grey roof parameters. The NSME calculated from
the observed and simulated runoff from the green roof improved from 0.50 to 0.94; it improved
from insufficient -2.87 to 0.78 from the grey roof. It should be noted that the NSME values
include inter-event periods (periods without rain) since the increased detention effect (that led

to higher baseflow) made it challenging to determine when the runoff stopped.

In general, a more suitable fit for long-term continuous model simulation was found during the
calibration period of the green roof rather than of the grey roof. Visually speaking, the models
simulated the runoffs well (Figure 8, Figure 9). The simulated runoff from both the green and
grey roofs tended to underestimate the observed peak flow responses to rainfalls with the
highest intensity. This indicated that the rain gauge measurement of the most intense rainfall
was uncertain. At the same time, the model had difficulties in simulating the tails of grey roof
runoff more than it did in the green roof. The simulated cumulative runoffs (total volumes)

were close to the observed data.

Five events classified as C1-C5 were chosen to evaluate the model’s performance in terms of
event-based simulation during the calibration period (event C3 is presented in Figure 8). One
can see the difficulties associated with the simulation and the underestimation of the runoff
tails in the grey roof (Figure 8), leading to the model’s ability to simulate runoff detention being
partly limited. Thus, the equations describing the detention processes as well as the detention
parameters, namely 1) porosity, 2) soil conductivity, 3) soil conductivity slope and 4) soil
suction head within soil layers and 5) the parameters in the drainage mat estimating the

baseflow, should be further investigated in order to improve runoff prolongation.
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Figure 8 Comparison of observed and simulated runoff from the green (left) and grey (vight). Event C3 from the
calibration period was chosen (Table 10). More plots from the calibration period may be found in Paper 3
(Hamouz and Muthanna, 2019).

Six events classified as V1-V6 were chosen to evaluate the model’s performance in terms of
event-based simulation during the validation period (event V2 is presented in Figure 9). During
this study, only one event having a 2-year return period was registered by the rain gauge at

Hovringen, Trondheim, in August 2017 (Figure 9).
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Figure 9 Comparison of observed and simulated runoff from the green (left) and grey (right) for the largest
event V2 from the validation period in 2017. More plots from the validation period may be found in Paper 3
(Hamouz and Muthanna, 2019).
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Events V2 and V6 provided interesting results, reaching the NSME of 0.8 and higher for both
roofs; in addition, the volume error fell within reasonable limits. Both events lasted several
days, and relatively large volumes were registered. It may therefore be concluded that these
events are of interest since the SWMM model showed its ability to reproduce registered
runoffs, and the roofs were able to reduce the maximal flow (Table 10). The green roof runoff
was simulated reasonably well except for one event in September during the validation period
(V4), which followed a dry period lasting nearly one week, intensely drying the roof’s storage
capacity. Regarding the long-term datasets, the green roof model’s performance worsened with
respect to the NSME, sinking from 0.94 to 0.88 (and VE rising from 3 % to 29 %) during the
validation period, while the grey roof model experienced an improvement in terms of the
NSME, rising from 0.78 to 0.81 (Table 10).

Table 10 Individual events used for evaluating the model performance within the calibration (C) and validation

(V) period and comparison to the black roof runoff. The table shows overall model performance for long-term
continuous calibration, validation and cold periods. (Hamouz and Muthanna, 2019)

RUNOFF SIMULATION
CALIBRATION BLACK GREEN GREEN GREY GREY
/VALIDATION [ OBSERVED OBSERVED SIMULATED VE  NSME OBSERVED SIMULATED VE  NSME
[mm] [mm] [mm] [%0] [ [mm] [mm] (%] [-]
Cl 183 5.6 6.5 -159 044 15.4 8.4 453 0.33
C2 159 6.9 8.0 -16.3  0.61 14.8 12.4 16.1 0.44
C3 62.4 57.5 52.7 83 0.98 62.6 60.6 3.1 0.78
C4 25.5 19.6 19.3 1.5 0.89 22.7 229 -0.7 0.61
Cs 3.0 0.2 0.0 96.6  -0.13 0.2 0.2 30.8 0.59
V1 13.9 6.3 2.6 594 038 12.5 10.8 13.5 0.24
V2 63.8 58.6 46.3 21.0  0.88 61.3 54.7 10.7 0.80
V3 12.2 5.6 23 594 026 9.2 10.5 -14.0  0.06
V4 7.7 0.7 0.8 -10.0  -0.90 5.0 6.9 -38.6  -1.74
Vs 26.3 244 16.7 315 0.86 25.7 275 -6.7 0.53
Vo6 97.3 94.6 77.6 179  0.84 96.6 92.1 4.7 0.80
Calibration period 241.5 147.4 143.3 2.8 0.94 2144 193.5 9.7 0.78
Validation period 331.2 259.7 185.1 287  0.88 315.6 279.7 11.4 0.81
Cold period 390.0 371.0 259.0 302 0.56 384.0 340.0 11.5 0.37

In comparison, the volume errors between the simulated and observed runoffs from the grey
roof counted 10 % and from the green roof 3 % during the calibration period, 11 % and 29 %
during the validation period and 12 % and 30 % during the cold period, respectively. The
limitations of these simulations include the actual dataset duration, which spans over less than
one year, and the fact that there was only one event with a return period greater than 2 years.
This may also raise the question of whether or not it is appropriate to validate the model using

different seasonal periods within the same year.

A few points that explain the runoff mismatch were noted. Firstly, the volume errors were
caused by inaccurately estimated seasonal evapotranspiration rates, which occur during dry
periods and cause a regeneration of the roof’s storage capacity. Secondly, the volume errors

were caused by inaccurate model simulations of runoffs. It was noted that while the actual ET
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rates decay over time during the dry period, the SWMM model assumes fixed ET rates (Peng
and Stovin, 2017). Thirdly, the model runoff outputs had a coarser resolution than the observed
runoff, which made the volume comparison more challenging. Fourthly, the measurement of
intense rainfall is uncertain and, in most cases, underestimated, leading to lower simulated
volumes. The model was less accurate for short, intense rainfalls following a long antecedent
dry period. This shows that the model storage capacity of the green roof was regenerated
without considering the local climate (e.g., condensation of atmospheric vapor). Median and
mean values of the observed flow used during calibration were 0.0012 L/s (median) vs. 0.003
L/s (mean), and during validation 0.006 L/s (median) vs. 0.0036 L/s (mean). Thus, there was a
baseflow that was twice as high during calibration and only a slightly peaky runoff during
validation. This might signify that the wetter period of the year “performed” better than the
dryer period (Wilby, 2005), raising the question of using these different periods of the year for
validation. The visual comparison of the data spread concerning observed and simulated
runoffs from the green and grey roofs from all periods as well as their mathematical expression
(value of norm of residuals, mean squared error MSE, coefficient of determination R? and

correlation coefficient) may be found in Paper 3 (Hamouz and Muthanna, 2019).

3.4  Results and discussion of Paper 4

The third research question was shared in Papers 3 and 4; its aim was to simulate long-term
continuous runoff from retention and detention-based roofs using the EPA's Stormwater
Management Model and provide an optimal parameter set which could be used for design
purposes: “Investigate the use of catchment scale modelling tools for design and performance

estimates for vegetated and non-vegetated roofs.”

Individual model evaluation

The calibrated model parameters found in Paper 3 were compared to the calibrated parameters
from different locations in Paper 4. The individual model calibration resulted in volume errors
ranging from -4 to 28% during the calibration period and from -5 to 17% during the validation
period (Table 11). While some of the models showed acceptable volume errors (models with
errors less than < 6%), others exhibited large volume errors (models with errors larger than
20%). This is most likely because the model does not fully represent the evapotranspiration
processes taking place, as suggested by earlier studies (Peng and Stovin, 2017); however, errors
could also be caused by measurement inaccuracies and uncertainties. The model represents

evapotranspiration by the Hargreaves method combined with a soil recovery coefficient and
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does not include the influence of soil moisture, which has been shown to have an important
impact on evapotranspiration in green roofs (Berretta et al., 2014; Stovin et al., 2013). The
calibration was based on one soil recovery coefficient for the entire modelling period; however,
it is possible that individual coefficients for each month might improve the performance. Larger
volume errors were found for all tested configurations at Hevringen (HOV). One explanation
for this might be the uncertainties involved with precipitation measurements relating to the
field station being located at Hevringen, which lies along a coastline exposed to an open fjord
area; consequently, this area undergoes high levels of wind stress. The ability of the individual
model to reproduce the observed runoff was evaluated by NSME coefficients (Table 11). All
model runs provided NSME greater than 0.56 with an average of 0.80 for both the calibration
and validation periods, which may be considered an adequate performance for a rainfall-runoff

model based on field observations (Rosa et al., 2015).

Table 11 Model evaluation from individual model calibration (Johannessen et al., 2019)

NSME VE

Calibration Validation  Calibration Validation
Id events events period period
RISI  0.65 0.85 4% 9%
BERL 0.77 0.75 4% 3%
SANI  0.66 0.75 4% 1%
BER4 0.77 0.82 1% 3%
SAN3  0.92 0.87 21 % 17 %
RIS3  0.60 0.56 5% 4%
BER3 0.85 0.85 0% 6%
SAN2  0.87 0.80 12 % 10 %
HOV3 0.90 0.88 28 % 14 %
OSL1  0.80 0.66 2% -5%
HOV2  0.96 0.95 18 % 9%
HOV1 0.90 0.83 25% 17 %
LAB1 0.89
LAB2 0.84
LAB3 0.84
LAB4 0.82
LAB6  0.60

Model parameters - Reference roofs

Optimal model parameters for all calibrated models are listed in Table 12, including parameters
from Paper 3, the SWMM manual and other studies. Three models of reference roofs (OSL1,
HOV2, LAB1) were calibrated, resulting in model parameters that could be useful for design
purposes when comparing different roof configurations to conventional roofs (Table 12).
Optimal model parameters from individual calibration were comparable, indicating that the
SWMM model reproduces the runoff satisfactorily and may be used for modelling reference
roofs of variable sizes and locations. Recommended model parameters for reference roofs
based on this study are a Manning’s roughness coefficient of 0.01, also found by (Cipolla et
al., 2016), and a depression storage of 0.03.
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Green roof model retention performance

The available water storage capacity in green roofs in the SWMM green roof module is defined
by the pore space between the field capacity and the wilting point combined with the soil
thickness. No storage capacity is included in the drainage layer of the model, even if the
properties of the drainage layer might allow for water to be stored there, i.e., in cups in the
conjugated plastic drainage layers or soaked up in the textile retention drainage mats. The
individual model calibrations showed a large variation in optimal parameters for both field
capacities (17-44%) and wilting points (1-15%) for the same material at different sites, and
the resulting parameters seem to be influenced by local climate conditions (Table 12).
Regarding some of the configurations, the monthly variations may be explained by variations
in precipitation patterns occurring during drier conditions in certain months and producing
lower soil moisture content, which in turn reduces the actual evapotranspiration. Both the
significant volume errors and variations in the calibrated parameters for soil recovery
coefficients, field capacities and wilting points confirm previous findings. These findings
indicate that the modelling of evapotranspiration in the SWMM LID module, when based on
the Hargreaves method combined with a soil recovery coefficient, does not adequately
represent the actual evapotranspiration; further, it does not adequately represent the retention

processes (Feng and Burian, 2016; Peng and Stovin, 2017).

Green roof drainage layers parameters

The drainage layer parameters are expected to play an essential role in runoff generation,
especially for full-scale roofs, as they will define the detention process associated with the
horizontal water movement. The detention processes occur when the water content in the roof
exceeds the field capacity, resulting in runoff, which is mainly driven by gravitational forces;
however, it is also affected by the friction and capillary forces. The only flat green roof included
in the study resulted in a drainage layer void fraction of 0.64 and a Manning’s n of 0.07. Model
studies using similar conjugated plastic drainage layers resulted in comparable calibrated void
fractions of 0.4—0.6 but lower Manning’s roughness coefficients of 0.01-0.03 (Krebs et al.,
2016; Palla and Gnecco, 2015; Peng and Stovin, 2017). These studies were based on table scale
green roof units with drainage lengths of 2-3 m, which could explain the differences in the
findings. While the SWMM manual suggests a void fraction of 0.2-0.4 and Manning’s n values
of 0.01-0.03, it does so without specifying the drainage layer build-up (Rossman and Huber,
2016b). The sloped green roofs included in the study were all equipped with textile retention

mats as their bottommost layer, while the total thickness of the drainage layer varied between
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the different types. The drainage layer parameters were the parameters that showed the largest
variation between individual models for the same type and between the different types, despite
the similarities of the bottommost layer. This indicated that the SWMM green roof module has
a limited ability to represent the water movement through the drainage layer, a process
considered by the authors to be quite important for modelling detention properly on large-scale
roofs. This limitation of the model was also mentioned by Krebs et al. (2016), who also applied
a textile retention mat as the bottommost layer, and by Peng and Stovin (2017), who applied a
slightly different configuration having a plastic drainage layer as the bottommost layer. Soil
conductivity varied both between and within the different types of green roofs (42-1276
mm/h), while there was slightly less variation in the obtained parameters for conductivity slope
(14-60) and suction head (6—71). The SWMM manual suggests Soil Conductivity values in the
range of 1000-2500 mm/h (Rossman and Huber, 2016b), while the German Green Roofing
Guidelines state a requirement for water permeability in the range of 36—4200 mm/h (FLL,
2008). Krebs et al. (2016) applied a pre-grown vegetation mat (Type A) over a thicker substrate
and found a Soil Conductivity of 38 mm/h, while (Palla and Gnecco, 2015) and (Peng and
Stovin, 2017) found it to be 1000 mm/h.

Grey roof model parameters

Two models of grey roofs, one from the laboratory (LAB6) and one from the field site (HOV1),
were calibrated in the same way as the green roofs. Both grey roofs were based on an expanded
clay but had varying particle size, roof size, and type of experiment (continuous versus events).
The drainage parameters of HOV1 showed greater values than all the other configurations
(Manning’s n=0.48). This corresponds well to the observed runoff, with prolonged runoff
compared to the green roofs; however, the calibrated parameters might be too high, as high
flows tended to be slightly underestimated. Since the soil conductivity (vertical movement)
was very high, the horizontal movement through the expanded clay layer was expected to
provide substantial detention. Porosity was found to be lower for the grey roof than for the
green roofs and conductivity higher, while conductivity slope and suction heads were found to
be comparable. Laboratory-measured porosity was 54 % for the HOV1 material, which was
significantly higher than the calibrated model porosity of 35 %. Field capacity and the wilting
point, which determined the soil retention, were found to both be 15 % according to the
calibrated model parameters for HOV 1. Laboratory measurements of the same material gave a
field capacity of 16 %, which was consistent to the model parameter, while the wilting point

was measured at 13 %, indicating there was a slight potential retention capacity in the material
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that was not found in the model parameters. Identical values for field capacity and wilting point
in the model correspond to no available storage capacity and explain the model’s large volume
error (Table 11). This is an indication that the model does not correctly represent the retention
processes. The LAB6 model produced a porosity level close to the laboratory-measured 54 %,
while the field capacity (10 %) and wilting point (7%) deviated largely from the model-derived

parameters of 27% and 10%, respectively.

It was found that individual parameters fell into the range of recommended values from the
SWMM manual or others (Table 12). However, the complete parameter sets should be used for

specific tested locations in order to preserve model performance.

Table 12 Final model parameters for Papers 3 and 4 and comparison to the SWMM manual and other studies.

Paper 3 - Paper4 — Paper 3 Paper 4 -
Roof parameters GreyRoof GreyRoof GreenRoof ~ GreenRoof SWMM* - Others™*
Soil Parameters
Field Capacity (%) 10 21 (15-27) 27 31 (17-44) 30-50 29-49
Wilting Point (%) - 13 (10-15) - 9 (1-15) 5-20 2-7
Porosity (%) 45 46 (35-57) 56 60 (43-70 45-60 41-66
Conductivity (mm/h) 2975 1723 (80-3366) 11 460 (43-1183 1000-3500 25-1000
Conductivity Slope 28 34 (19-48) 32 30 (14-60) 30-55 15-60
Suction Head - 64 (49-79) - 46 (6-77) 2-4 61-110
Drain Parameters
Void Fraction 0.663 0.560 (0.40-0.72) 0.016 0.151(0.01-0.64) 0.20-0.40  0.40-0.60
Manning’s n 0.205 0.415 (0.35-0.48) 0.010 0.154 (0.07-0.24) 0.01-0.03  0.01-0.03

*(Rossman and Huber, 2016b)
**(Carson et al., 2017; Krebs et al., 2016; Palla and Gnecco, 2015; Peng and Stovin, 2017; Rosa et al., 2015)

3.5 Results and discussion of Paper 5

In the fourth research question, the calibrated model of the retention detention-based roofs was
applied to the PCSWMM model in order to test the impact of the retention and detention-based
roofs on catchment outlet: “To what extent can the retention and detention-based roof

implementation contribute to runoff reduction on a catchment level in urban areas?”’

Papers 1-4 provided valuable information about a site (building) scale modelling of the
retention and detention-based roofs. The performance and ability to replicate runoff from the
roofs using the hydrological model was interpreted to catchment scale (Paper 5). In addition to
the model performance assessment (more about this may be found in Paper 5), the calibrated
model of the catchment was used for simulation of the catchment runoff while artificially
retrofitting all the flat roofs in the catchment (10.7 %) with either the green or grey roofs (Table
13). It was found that the green and grey roofs can equally reduce the maximum flow by 17 %.
Moreover, three exceedance thresholds were chosen to test how often, how long, and how much
volume of stormwater runoff from the catchment exceeded flow equal to 100, 50 and 25 L/s.

The implementation of either solution with the green roofs or the solution with the grey roofs
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showed essential improvements, specifically in terms of peak flows. This may be observed for
the largest exceedance threshold where the reductions were the most considerable. The impact
of the roof’s implementation decreased together with the reduction of the exceedance threshold
(from 100 L/s down to 25L/s). The grey roof implementation outperformed the green roofs in
all the aspects: duration, number, and volume of exceedance and even in the long-term

continuous simulation which was found to be overestimated.

Table 13 Impact of the green and grey roofs’ implementation for different exceedance thresholds 100, 50 and 25
L/s with respect to the evaluation criteria. Scenarios A, B, and C from Table 3. (Paper 5 - Hamouz et al. in review)
GreenRoof’s GreyRoof™s

. . Do nothing - Impact of Impact of
Evaluation criteria . performance -  performance -
Scenario A . . GreenRoofs  GreyRoofs
Scenario B Scenario C
Maximum Flow [L/s] 174 145 145 17 % 17 %
Exceedance Impact of Impact of

Duration of Exceedances [h]

threshold [L/s] GreenRoofs  GreyRoofs

100 1.4 1.1 0.6 23 % 54 %

50 20.0 17.1 11.3 14 % 44 %

25 118.0 109.3 85.9 7% 27 %
Exceedance Impact of Impact of
threshold [L/s] Number of Exceedances GreenRoofs  GreyRoofs
100 8 8 5 0% 38%

50 67 60 47 10 % 30 %

25 214 198 184 7% 14 %
Exceedance Impact of Impact of

Volume of Exceedances [m?]

threshold [L/s] GreenRoofs  GreyRoofs

100 132 61 47 53% 64 %
50 1323 992 630 25% 52%
25 6046 5104 3829 16 % 37 %

Further, an extra scenario in the green and grey roof implementation was emphasized with
respect to changes in the roof area versus impervious cover (Table 14). The roof arca was
artificially enlarged to twice the area in each of the sub-catchments, simulating a scenario with
urban densification, where the flat roof is present, to a total of 21.4 % of flat roofs for
retrofitting in the entire catchment. This was done due to the fact that rooftops in urban
environments, specifically in city centres, may account for up to 50 % of the impervious surface
area (Dunnett and Kingsbury, 2008). In this case, it was found that the green roofs were able
to reduce the maximum flow by 30 % and grey roofs as much as 35 % (Table 14). Both roof
scenarios were very effective in reducing volume (78 % for green and 98 % for grey roofs),
which exceeded the threshold equal to 100 L/s. In comparison to the green roof, the grey roof

kept high levels of reduction for all exceedance thresholds.
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Table 14 Impact of the green and grey roofs’ implementation with doubled roof size for different exceedance
thresholds 100, 50 and 25 L/s with respect to the evaluation criteria. Scenario A, D, and E from Table 3. (Paper
5 - Hamouz et al. in review)

2xGreenRoof’s 2xGreyRoof’s

. - Do nothing - Impact of 2x  Impact of 2x
Evaluation criteria . performance - performance -
Scenario A . . GreenRoofs  GreyRoofs
Scenario D Scenario E

Maximum Flow [L/s] 174 123 113 30 % 35%
Exceedance . Impact of Impact of
threshold [L/s] Duration of Exceedances [h] GrgenRoofs GrgyRoofs
100 1.4 1.0 0.1 31 % 90 %

50 20.0 19.8 45 1% 78 %

25 118.0 122.6 62.4 -4 % 47 %
Exceedance Impact of Impact of
threshold [L/s] Number of Exceedances GrsenRoofs GrgyRoofs
100 8 7 3 13% 63 %

50 67 46 21 31 % 69 %

25 214 179 136 16 % 36 %
Exceedance Impact of Impact of
threshold [L/s] Volume of Exceedances [m’] GrsenRoofs GrSyRoofs
100 132 29 3 78 % 98 %

50 1323 1092 209 17 % 84 %

25 6046 5878 2107 3% 65 %

The paper presents a method to examine an urbanized area using modelling tools and identify
potential areas for retrofitting; moreover, it is a follow-up to Paper 1 (Hamouz et al., 2018),
Paper 3 (Hamouz and Muthanna, 2019) and Paper 4 (Johannessen et al., 2019). It provides an
important contribution towards utilizing retrofitted rooftops for the detention of stormwater at
the place where it is generated. The potential for reducing the runoff may thereby be
determined. This can be a valuable tool for urban planners when deciding whether to keep
rooftops impervious or focus on green and/or grey roof retrofitting strategies. Still, it should be
kept in mind that the rooftop retrofitting alone helps to reduce urban runoff and therefore
rooftops runoff should be additionally treated by disconnecting and redirecting in other
decentralized drainage systems like bioretention cells or raingardens (Davis et al., 2009;
Gleick, 2014; Jarden et al., 2016).The overall performance is however also dependent on other
situations, e.g., summer/winter conditions (Johannessen et al., 2017; Li and Babcock, 2014),
initial saturation (Alfredo et al., 2009; Berretta et al., 2014), roof size, media and slope (Getter
et al.,, 2007; Hakimdavar et al., 2014; VanWoert et al., 2005). Last but not least, deep
percolation within a catchment with native soils formed from fjord or marine deposits is
limited. Therefore, the use of rooftops retrofitting can be a favourable stormwater solution

rather than infiltration-based measures.

Rooftop retrofitting showed the greatest effectiveness for the largest flows (100 L/s) than
smaller flows (50 L/s and 25 L/s). Concerning combined sewer overflows, rooftop retrofitting
with the grey roof would decrease an overflow’s duration by 54 %, the number of overflows

by 38 % and the volume of overflow by 64 %. While the total area of the flat roof was less than
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11 %, it is possible to find urban areas having a total roof area greater than 50 %, which would
have a great impact on urban hydrology. Moreover, a greater impact on the urban runoff
(reducing CSOs or underground detention tanks) would be expected if rooftop configuration is
used in stormwater treatment train combined with other stormwater measures like permeable

pavement, rain garden, detention basin.

3.6  Uncertainty in observation input and hydrological modelling

In order to improve the applicability and reliability of hydrological models of retention and
detention-based roofs and the high quality of hydrometeorological data measurement
(precipitation, flow, wind speed, temperature, water content, etc.), it is essential to start with

an optimization method and model conceptualization.

The difficulty of defining events using the 6-hour ADWP (resulting in some long events)
indicated that it might not be the best-suited time definition for the climate zone. These long-
duration events also cause decreasing mean intensity of individual events. Considering a
maximum runoff as the representative value for an event may overestimate the overall
performance in terms of the peak delay, even though it is more natural to compare events
according to maximum registered values. The irregularity of natural rainfall patterns, combined
with the variability in the detention effect in specific events, complicates the identification of

peak-to-peak delays.

Although the calibrated SWMM models reproduced the observed runoffs sufficiently, the
calibration revealed that there might be several parameter sets that perform equally well (Paper
3 and 4). This makes the parameters uncertain and valid only for the tested roof setups (in this
case the green and grey roofs from Solution 1, more information may be found in Chapter 2
Materials and Methods) and climatic conditions of the study site. The reason for the
parameter’s sets being skewed could be due to the optimization algorithm, which, instead of
finding the global minimum, may have found only local minima. A sensitivity analysis of the
tested parameters showed that porosity is the most sensitive parameter for the green roof. In
terms of the grey roof, the porosity and conductivity slopes were found to be the most sensitive

parameters.

During the calibration of the hydrological model, the parameter identifiability was problematic
due to an equifinality in the model (Papers 3 and 4). The equifinality states the non-uniqueness
of the optimized parameter sets, indicating a greater risk of uncertainty. The issue here is that

similarly performing optimized parameter sets may not all be equivalent in terms of
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transferability and sensitivity. This will also affect the distribution of parameters into
identifiable regional patterns, which is a common limitation in the conceptual water balance
model (Beven, 2011). Two similar models may have different optimized parameter sets, and it
is also likely that the optimized parameter sets should be transferred in their entirety and not as
individual parameters (Beven and Binley, 1992; Beven and Freer, 2001). Information
contained in the optimized parameter set is specific to the modelled roof, and thus may not be
transferable to another roof model (a singularity problem). This might be due to data error
compensation (precipitation or/and runoff), as the precipitation measurements are affected both
by the wind and under catches of intense rain. Another likely issue is the bias contained the
model by the optimization period and its specific climatic conditions in addition to the model

conceptualization error (Poissant et al., 2017).

There is a possible explanation for the mismatch between observed and simulated runoffs
during the winter period (Paper 3). The SWMM model simulates runoff from rainfall, or snow
accumulation from snowfall, according to the observed air temperature. This temperature,
however, does not correspond to the temperature inside the medium (substrate) or around the
roof outlet where runoff is measured. Having negative air temperatures and positive medium
temperatures may therefore lead to continuously observed runoff, while the model accounts for

snow accumulation.

The water balance was inspected during the catchment modelling (Paper 5) in the model with
and without implemented roofs. It was found that the model accounted for an evaporation loss
of 2.7% for set-up without roof implementation. Whereas the evaporation loss from the green
roof implementation was 5.4 %, and the grey roof implementation was even higher at 5.8 %.
This shows that the LID Green roof module does not adequately simulate the evaporation loss
from the roof with and without vegetation (the evaporation loss for the grey roof was

overestimated).

After several rainfalls, the observed base flow in the stormwater pipe lasted for several
extended periods (Paper 5). This was, however, not the case for the simulated runoff, which
disappeared sooner after the rain stopped. Water redistribution between sub-catchments and
subareas may differ from season to season and from event to event. This may also apply to pipe

infiltration from ground water, which presumably changes from season to season.

It was noticed that the input data (primarily precipitation and flow data) contained unexpected

events, e.g., due to calibration of the rain gauge or maintenance of the drainage network due to
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the use of a flushing device (regular pipe cleaning by the municipality). It concedes an
uncertainty regarding the simulated results. The model could not accurately model all the
periods of the year and all the events due to parameter uncertainty, uncertainty in the model’s
structure, uncertainty in flow redistribution between individual sub-catchments and subareas,

and uneven precipitation distribution over the catchment (especially during extreme events).

The implementation of retrofitted rooftops upstream and downstream revealed the importance
of concentration time for particular sections within the entire catchment. This means that the
roof implementation may change the travel time to the catchment outlet less favourably with
respect to peak runoffs. For catchments with multiple subareas, the concentration time must be

considered individually.
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Chapter 4 Conclusions and recommendations

This chapter concludes the thesis and summarizes the finding organized around the research
questions presented in Section 1.2  Research questions. It also provides suggestions for

future work based on the experiences and results obtained in the present study.

4.1 Conclusions

Long-term and short-term hydrological performance of retention and detention-based
(vegetated and non-vegetated) roofs were analysed to identify best practice for the design of
these roofs with respect to stormwater management. The hydrological performance of two

complete solutions consisting of green and grey roofs were compared to a reference black roof.

Two different solutions comprised of vegetated (green) and non-vegetated (grey)
configurations were compared in terms of hydrological performance between 2017 and 2019.

While the first solution (Solution 1) consisted of:

e an extensive green roof with a 30-mm thick layer of Sedum,
e anon-vegetated grey roof with a 200-mm thick layer of expanded clay,

e and a reference black roof,
the second solution (Solution 2) contained:

e adetention-based green roof with a 100-mm thick layer of expanded clay,
e anon-vegetated grey roof with a 100-mm thick layer of expanded clay,

e and the reference black roof.
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It was found that the green roofs provided a higher level of retention than the grey roofs,
especially during warm periods between 24-37 % of the long-term continuous runoff between
May and October due to combined evapotranspiration. In comparison, the grey roofs had a
limited retention rate of 10 % for both Solutions I and Solutions 2. However, the grey roofs,
which consisted of expanded clay as the primary storage medium, provided better runoff
detention than the extensive green roof. Therefore, in the second solution, the 30-mm thick
layer extensive green roof was underlaid with a 100-mm thick layer of expanded clay. This
configuration provided the best combination of retention and detention performance for
stormwater management. One special benefit observed was the dampening effect of the
expanded clay layer, making it much more robust when handling short-duration intense

rainfalls, which are a common disadvantage of the thinnest extensive roofs.

The detention performance of a detention-based green roof, consisting of sedum mats underlaid
with expanded clay, was tested for current and future climate conditions under extreme
precipitation using an artificial rainfall generator. Rainfall events were derived from DDF
curves for three different cities, Bergen, Oslo and Trondheim and tested at the field station in
Trondheim. The events corresponded to events with 20-year RP, including a climate factor of
1.4, for the future climate between 2071 and 2100 (the worst scenario with RCP 8.5) or to a
variable return period between 2-year and more than 200-year RP for the current climate. It
was confirmed that the use of a variable shape of short-duration hyetograph would lead to
different performance. The rainfall pattern that peaked at the end caused the worst performance,
and initial water content had a more considerable influence on the performance than the shape
of the hyetograph. The roof can regenerate its storage capacity for large flows within a
relatively short time and provide desired stormwater detention, which is represented by

centroid delay or T50.

Although the EPA SWMM model was able to replicate green and grey roof runoffs in both the
calibration and validation periods, it was challenging to identify individual parameters. Using
observed precipitation and runoff data from multiple sites and configurations in the model
showed a positive correlation between observed and simulated runoffs for both objective
functions, the Nash-Sutcliffe model efficiency and volume error. The calibration revealed
several parameters sets that provided comparable model performance. Therefore, the complete
parameter sets should be used when transferring the models. The parameter identifiability was

recognised during the calibration of the hydrological model due to an equifinality in the model.
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It is a common limitation in the conceptual water balance model and indicates a greater

parameter-related uncertainty.

In the watershed scale modelling study using PCSWMM, it was found that retrofitting of all
flat roofs with the green or grey roofs would have a positive effect on urban hydrology. The
roof implementation showed essential improvements, specifically in terms of peak flows.
While both green and grey roofs had the same effect on reducing the largest flow by decreasing
it by 17 %, the grey roof provided better results with respect to other performance indicators.
For example, when considering 100 L/s as an activation threshold for combined sewer
overflows at the catchment outlet, rooftop retrofitting with the grey roof would decrease the
duration of these overflows by 54 %, the number of overflows by 38 % and the volume of
overflows by 64 %. A scenario of doubling the total grey roof area would cause a reduction of
the maximum flow by 35 %. The performance, in terms of reduction of maximum flows,
increases in line with an increase of the area for potential retrofitting by green and/or grey roofs
and with a decrease of the catchment slope. Concerning the exceedance thresholds, the grey
roofs’ implementation outperformed the green roofs in all aspects: duration, number, and

volume of exceedance.

4.2 Recommendations for future work

Based on the experiences and results obtained in the present study, a few suggestions for future
work may be offered. There is a certain limitation in having only about one year of observed
data per each solution. It could therefore be good to test the solutions for more extended periods
(several years) to obtain a broader and more detailed performance span in addition to an

improved basis for statistics on larger events as well as frequent daily events.

e Investigations on the lateral flow part of the roof in order to understand and describe
this part better, as the resistance to lateral flow clearly influences detention.

e Obtain more performance indicators for the tested extreme events and run events with
longer durations for Bergen, Oslo and Trondheim as well as different locations.

e Use the test data on extreme precipitation for calibrating the EPA SWMM model and
compare the obtained parameters with the parameters from Papers 3 and 4.

e Use data from other monitored SUDS (e.g., green roof, grey roof, rain garden) and

model runoff as a stormwater treatment train.
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Table 15 Material characteristics of green roof substrate and expanded clay

Expanded clay Expanded clay  Green roof

Parameter Units 1.5-2.5 mm 0-6 mm substrate Method
Particle density g/em? 1.05+0.05 0.92+0.03 - *Porous plate
Particle density g/em? 0.91 0.89 1.64 Calculated
Bulk density g/em’® 0.48+0.01 0.43+0.00 - *Porous plate
Bulk density g/em? 0.41+0.03 0.39+0.06 1.02+0.09  **FLL
Porosity % viv 54.2+1.8 53.7£1.5 - *Porous plate
Porosity % VIV 54.7£1.8 56.2+0.3 38.2+0.2 **FLL
Wilting point % viv 12.6+0.1 6.5+1.5 - *Porous plate
Field capacity % viv 15.240.5 9.1+0.5 - *Porous plate
Maximum water

holding capacity % viv 18.3£1.3 30.1+1.8 29.5+1.9 **FLL
Hydraulic

conductivity cm/h 143.2+38.2 105.2428.3 - ***Darcy's law

* Porous plate apparatus method, laboratory of the Norwegian University of Life Sciences in As
** FLL (2008)
*** Flow of a fluid through a porous medium
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Figure 10 Comparison of the event record with the Depth-Duration-Frequency (DDF) curves for Solution 1.
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Figure 11 Comparison of the event record with the Depth-Duration-Frequency (DDF) curves for Solution 2.
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Figure 12 Observed maximum black roof runoffs and runoffs corresponding to the extensive green and grey
roofs for Solution 1.
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Figure 13 Observed maximum black roof runoffs and runoffs corresponding to the detention-based green and
grey roofs for Solution 2.
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Figure 14 Probability exceedance of the black, extensive green and grey roof runoffs for Solution 1.
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Figure 15 Probability exceedance of the black, detention-based green and grey roof runoffs for Solution 2.
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Table 16 Ten largest events within the cold period according to the maximum black roof runoff for Solution 1,
including peak delay for the extensive green and grey roofs with respect to the black roof.

Event Duration Precipitation Mean int. Max 5-min int. Peak delay Peak delay
nr Type Start [hours]  depth [mm] [mm/h] [mm/h] [black vs. grey]  [black vs. green]
81 Rain 09.11.2017 17:03 14.0 0.8 12.0 7:22 0:44
79 Rain 05.11.2017 23:19 21.3 0.9 24 4:13 1:07
6 Mixed 20.04.2017 69:34 39.5 0.6 17.6 2:30 0:14
Tz 84 ROS 14.11.2017 25:13 225 0.9 9.6 23:48 no delay
.8 91 ROS 08.12.2017 25:38 24.0 0.9 13.2 0:34 0:03
= 4 Mixed 09.04.2017 39:28 16.8 0.4 5.0 4:27 0:29
%] 82 Rain 11.11.2017 18:51 16.2 0.9 7.2 4:06 0:07
89 Rain 01.12.2017  101:04 61.7 0.6 12.0 25:36 no delay
97 Rain 21.12.2017 75:49 34.7 0.5 8.4 16:37 0:10
141 Rain 20.04.2018 30:04 137 0.5 6.0 2:39 0:42
Median 4:20 0:21
Mean 9:11 0:27

Table 17 Ten largest events within the cold period according to the maximum black roof runoff for Solution 1,
including peak and volume reduction for the extensive green and grey roofs with respect to the black roof.
Event Peak reduction  Peak reduction Volume reduction ~ Volume reduction ~ Grey degree ~ Green degree

nr [black vs. grey] [black vs. green] [black vs. grey] [black vs. green]  of saturation  of saturation
81 93 % 87 % 7 % 9% 33% 63 %
79 81 % 56 % 16 % 13 % 32% 59 %
6 85% 30 % -5% 7%
= 84 95 % 91 % 9% 7% 33% 70 %
£ 91 43 % 0% 0% -1% 47 % 57 %
% 4 93 % 76 % 8% 18 %
%] 82 87 % 68 % 26 % 22 % 33% 68 %
89 82% 50 % 43 % 7% 11% 18 %
97 55 % 26 % 8% 7% 18 % 37 %
141 80 % 52 % 22 % 34 % 44 % 51%
Median 84 % 54 % 8% 8%
Mean 79 % 53 % 9% 12%

Table 18 Ten largest events within the warm period according to the maximum black roof runoff for Solution 1,
including peak delay for the extensive green and grey roofs with respect to the black roof.

Event Duration  Precipitation Mean int.  Max 5-min int. Peak delay Peak delay
nr __ Type Start [hours] depth [mm] [mm/h] [mm/h] [black vs. grey]  [black vs. green]
50 rain  19.08.2017 28:47 58.1 2.0 40.8 12:17 0:02
41 rain  26.07.2017 0:08 3.4 25.6 21.6 0:00 0:01
53 rain  29.08.2017 7:15 114 1.6 21.6 7:35 5:23
z 34 rain  12.07.2017 19:35 9.0 0.5 16.3 0:01 10:49
S 42 rain  31.07.2017 1:38 2.8 1.7 8.8 0:00 0:04
;;’ 31 rain  09.07.2017 6:05 39 0.6 10.6 0:29 0:30
%] 23 rain  17.06.2017 74:38 60.4 0.8 11.6 36:42 35:31
66 rain  07.10.2017 9:17 15.2 1.6 9.6 6:30 0:01
64 rain  05.10.2017 2:03 3.8 1.9 8.4 0:00 0:01
56 rain 13.09.2017 5:25 8.2 1.5 12.0 0:00 0:01
Median 0:15 0:03
Mean 6:21 5:14

Table 19 Ten largest events within the warm period according to the maximum black roof runoff for Solution 1,
including peak and volume reduction for the extensive green and grey roofs with respect to the black roof.

Event Peak reduction Peak reduction Volume reduction ~ Volume reduction ~ Grey degree  Green degree

nr [black vs. grey] [black vs. green] [black vs. grey] [black vs. green] of saturation  of saturation

50 93 % 75 % 4% 9% 33 % 37 %

41 97 % 95 % 92 % 95 % 32% 21 %

53 97 % 95 % 48 % 64 % 32% 36 %

= 34 97 % 88 % -5% 8 % 36 % 59 %

8 42 100 % 100 % 33% 71 % 33% 14 %

;;‘ 31 97 % 95 % -9 % 69 % 34% 55%
%] 23 80 % 38% 5% 11%

66 88 % 71 % -10 % -4 % 36 % 64 %

64 96 % 89 % 69 % 58 % 34 % 49 %

56 95 % 92 % 34% 92 % 32% 16 %
Median 96 % 91 % 19 % 61 %
Mean 94 % 84 % 26 % 47 %
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Table 20 Ten largest events within the cold period according to the maximum black roof runoff for Solution 2,
including peak delay for the detention-based green and grey roofs with respect to the black roof.

Event Duration Precipitation Mean int.  Max 5-min int. Peak delay Peak delay

nr  Type Start [hours]  depth [mm] [mm/h] [mm/h] [black vs. grey]  [black vs. green]

93 Rain 29.03.2019 61:31 559 0.9 10.8 no delay no delay

98 Rain 29.04.2019 0:46 33 42 7.2 0:31 no runoff

50 Rain 16.11.2018 5:34 5.4 1.0 6.0 2:19 0:06

2 55 ROS 24.12.2018 64:25 522 0.8 7.2 4:19 0:10
g 86 ROS 19.03.2019 21:40 17.9 0.8 8.4 1:55 0:06
_;‘ 57 Rain 28.12.2018 34:24 26.3 0.8 7.2 15:19 14:07
%} 58 Rain 31.12.2018 35:43 28.2 0.8 72 no delay 0:11
59 ROS 02.01.2019 102:07 72.7 0.7 8.4 36:29 36:26

61 ROS 10.01.2019 58:20 28.1 0.5 6.0 3:01 1:04

78 ROS 24.02.2019 5:18 4.5 0.9 7.2 7:23 0:05
Median 3:40 0:10

Mean 8:54 6:31

Table 21 Ten largest events within the cold period according to the maximum black roof runoff for Solution 2,
including peak and volume reduction for the detention-based green and grey roofs with respect to the black roof.
Event Peak reduction  Peak reduction Volume reduction ~ Volume reduction Grey degree Green degree

nr [black vs. grey] [black vs. green] [black vs. grey] [black vs. green] of saturation of saturation
93 42 % 49 % 0% -4 % 32% 52%
98 98 % 100 % 91 % 100 % 20 % 20 %
50 97 % 96 % 25% 38% 24 % 45 %
< 55 84 % 86 % 26 % 29 % 7% 15%
£ 86 81 % 84 % 18 % 21 % 16 % 35%
% 57 81 % 82 % -11 % -14 % 34 % 53 %
%] 58 86 % 85 % -8% -6 % 31% 52 %
59 75 % 78 % -8 % -7 % 31 % 51 %
61 84 % 88 % 12 % 16 % 25 % 45 %
78 86 % 88 % 27 % 24 % 34 % 57%
Median 84 % 85 % 15 % 19 %
Mean 81 % 83 % 17 % 20 %

Table 22 Ten largest events within the warm period according to the maximum black roof runoff for Solution 2,
including peak delay for the detention-based green and grey roofs with respect to the black roof.

Event Duration Precipitation Meanint. Max 5-min int. Peak delay Peak delay

nr _ Type Start [hours]  depth [mm] [mm/h] [mm/h] [black vs. grey]  [black vs. green]

9 Rain 10.08.2018 29:49 57.2 1.9 30.0 no delay (-1) 0:00

8 Rain 09.08.2018 0:09 22 15.0 19.2 0:02 0:04

12 Rain 18.08.2018 41:10 13.2 0.3 12.0 0:01 0:07
2 2 Rain 18.07.2018 9:40 6.8 0.7 19.2 0:01 no runoff
S 29 Rain 25.09.2018 30:58 20.2 0.7 16.8 1:20 1:20
;;’ 7 Rain  09.08.2018 3:45 3.8 1.0 10.8 0:10 0:15
%] 21 Rain 12.09.2018 11:06 16.3 1.5 10.8 2:34 0:45
6 Rain 05.08.2018 31:36 26.1 0.8 12.0 0:01 0:01

27 Rain 22.09.2018 64:56 443 0.7 10.8 0:41 0:39

45 Rain__ 23.10.2018 71:39 46.1 0.6 9.6 0:03 0:02
Median 0:03 0:07

Mean 0:32 0:21

Table 23 Ten largest events within the warm period according to the maximum black roof runoff for Solution 2,
including peak and volume reduction for the detention-based green and grey roofs with respect to the black roof.

Event Peak reduction Peak reduction Volume reduction Volume reduction ~ Grey degree  Green degree
nr [black vs. grey] [black vs. green] [black vs. grey] [black vs. green] of saturation _ of saturation
9 88 % 90 % 1% 7 % 27 % 37 %
8 98 % 100 % 57 % 95 % 28 % 36 %
12 97 % 98 % 3% 18 % 23 % 40 %
Q 2 97 % 100 % 79 % 100 % 19 % 13 %
8 29 93 % 94 % 5% 10 % 28 % 45 %
;;‘ 7 98 % 99 % 69 % 98 % 27 % 34 %
%] 21 92 % 95 % 23 % 66 % 21 % 31 %
6 91 % 95 % 12% 85 % 20 % 14 %
27 90 % 92 % 10 % 14 % 25% 39%
45 85 % 87 % 0% 2% 32% 53 %
Median 93 % 95 % 11 % 42 %
Mean 93 % 95 % 25 % 49 %
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Appendix B: Selected papers

The full version of the selected papers presented in this thesis are in the following chapter. The

original formatting is preserved and does not conform to the general formatting of the thesis.
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Paper 1
Hydrological performance of LECA-based roofs in cold climates
Hamouz, V., Lohne, J., Wood, J., & Muthanna, T. (2018).
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Abstract: Rooftops represent a considerable part of the impervious fractions of urban environments.
Detaining and retaining runoff from vegetated rooftops can be a significant contribution to reducing
the effects of urbanization, with respect to increased runoff peaks and volumes from precipitation events.
However, in climates with limited evapotranspiration, a non-vegetated system is a convenient option
for stormwater management. A LECA (lightweight expanded clay aggregate)-based roof system
was established in the coastal area of Trondheim, Norway in 2016. The roof structure consists of a
200 mm-thick layer of LECA® lightweight aggregate, covered by a concrete pavement. The retention
in the LECA-based roof was estimated at 9%, which would be equivalent to 0.27 mm/day for
the entire period. The LECA-based configuration provided a detention performance for a peak
runoff reduction of 95% (median) and for a peak delay of 1 h and 15 min (median), respectively.
The relatively high moisture levels in the LECA-based roof did not affect the detention performance.
Rooftop retrofitting as a form of source control may contribute to a change in runoff characteristics
from conventional roofs. This study of the LECA-based roof configuration presents data and
performance indicators for stormwater urban planners with regard to water detention capability.

Keywords: detention; cold climate; hydrological performance; LECA-based roof; lightweight aggregate;
sustainable drainage systems (SuDS); water-detaining non-green roof

1. Introduction

Stormwater management is experiencing raised awareness due to an increased frequency of
damaging rain-induced flood events across the world. The existing infrastructure is not typically fit to
handle the combined effects of ever-increasing urbanization (including the proliferation of impervious
surfaces) and climate change [1]. Densely-urbanized areas have limited space for retrofitting with
green solutions, or for the reduction of imperviousness. This encourages communities to seek out new,
emerging solutions. One possible way to rethink stormwater management is to focus on building
rooftops. In developed cities, rooftops account for almost half of impervious surfaces [2].

New constructions and retrofitting existing buildings with sustainable drainage systems (SuDSs)
seem to be efficient measures to counteract the effect of impervious covers in the cityscape [1,3,4].
Additionally, they contribute to the reduction of both sewer overflows and flood risks. Rooftop retrofitting
differs from many other SuDS approaches, as it does not require additional land acquisition.
Rooftop solutions such as green roofs belong to the first of the so-called three-step stormwater
treatment train as a form of source control [5,6]. In 2008, the Norwegian Water Association adopted a
national guideline for surface stormwater management that uses a three-step approach, where a source
control should be able to collect and infiltrate runoff following small events (the rainfall intensity
classification of small is location-specific) [7].

Water 2018, 10, 263; doi:10.3390/w10030263 www.mdpi.com/journal /water
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The main drivers behind rooftop source control are detention and retention of runoff. Retention
occurs through the combined process of evapotranspiration for vegetated solutions, and its annual
runoff reduction has been extensively investigated [8-13]. On the other hand, detention performance
indicators are increasingly required by stormwater designers to alleviate urban flooding due to
capacity exceedance in sewer systems [14,15]. Green roof performance depends largely on the
local climate. Most studies scrutinized within the context of this research have reported limited
hydrological performance in cold and wet climates, when evaporation and transpiration is limited
due to climatic factors [14-20]. Johannessen et al. [20] investigated potential evapotranspiration in
cold and wet regions across 14 locations in northern Europe, and concluded that retention on green
roofs varied between 0% and 1% for Nordic countries in the winter period. In order to address
the challenges outlined in the literature, it was decided to test the performance of a non-vegetated
lightweight filter. For the sake of reference, this paper benchmarks the hydrological performance of
the new non-vegetated solution against that of green roofs.

A LECA-based roof system was constructed at Hovringen (Trondheim, Norway), where the
testing of roofs for water detention and retention are piloted. The Trondheim region registers an
average of 150 days of precipitation a year [21]. Based on research studying the evapotranspiration and
evaporation from vegetated and non-vegetated roofs, the water loss was comparable for both roofs for
a period of approximately 50 h [22]. The following two weeks of dry period demonstrated that the
additional ability of plants to transpire water outperformed the evaporation by more than 60%.

Hydrological performance indicators relevant to this study are peak flow reduction, peak flow
delay with an event-based perspective, and retention within a long-term rainfall/runoff water
balance perspective.

In order to address the hydrological performance of the LECA (lightweight expanded clay
aggregate)-based roof, the following research questions were proposed:

(1) What is the seasonal and annual retention capacity of the LECA-based roof in cold climates?
(2) What is the event-based detention capacity of the LECA-based roof in cold climates?
(3) How do antecedent stormwater events affect the hydrological performance of the examined roof?

Limitations to the Study

Given that this is an in-situ field setup, the study is limited to the actual weather phenomena
that occurred during this period. As such, there was only one event with a return period greater
than 2 years. Thus, a limited amount of data was collected to investigate the extreme performance of
the roof.

2. A Brief Literature Review

A brief literature review was performed to address challenges within stormwater management,
more specifically stormwater retention and detention on rooftops. Most of the relevant studies focused
on rooftops with vegetation. Thus, water losses due to plant uptake show a clear difference when
comparing results between vegetated and non-vegetated solutions. In this study, no transpiration was
expected because of the non-vegetated setup. Furthermore, seasonally low evaporation rates were
expected due to the cold and wet weather conditions [20,23]. The review identified the requirements
of stormwater designers and planners regarding sustainable solutions that enable the reduction of
annual runoff, as well as the management of short and large design vents. A dataset based on
18 studies was analyzed. Emphasis was given to studies which focused on non-vegetated roofs
(including reference black roofs), as well as cold and wet climates. The majority of the studies were
focused on retention performance, rather than detention.
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Retention occurs during dry periods, when water is evaporated into the atmosphere. In terms
of retention performance, VanWoert et al. [3] studied the total rainfall retention from different media.
The retention ranged from 27.2% for gravel ballast to 50.4% for a bare growing media, and 60.6%
for a green treatment. Similarly, Mentens et al. [1] compared the annual runoffs from green and
gravel-covered roofs. They presented a 25% reduction for the gravel roof, and a 50% reduction for
the green roof. Berghage et al. [22] reported the annual rainfall retention from three different setups.
The retention ranged from 14.1% for an asphalt roof to 29.7% for a media roof, and 52.6% for a
vegetated roof. Comparing LECA-based (non-vegetated) and vegetated setups, higher levels of
retention were observed using vegetated beds [10], with an annual volumetric retention of 54.5% for a
LECA-based setup and 75.1% for a green roof. Johannessen and Muthanna [24] presented an annual
runoff reduction of 17-30% for three coastal cities in Norway. In a study focused on a long dry period,
major differences were found in retention through evapotranspiration by vegetated and non-vegetated
configurations [25]. Berretta et al. [9] studied moisture loss from a growing medium during a dry
period of cold and warm months. They presented a mean moisture loss ranging from 0.34 mm/day
to 1.65 mm/day in the period of March through July. Special attention should be given to the
regeneration of roof storage capacity, which depends on physical configuration, precipitation patterns,
and evaporation during dry periods [17]. Overall, the average retention performance is useful in a
context where stormwater discharge to the sewer system is billable.

The detention effect occurs when temporally detained stormwater is subsequently released [14,15,18].
The evapotranspiration effect, which restores storage capacity during dry periods, may be neglected
at this time in the interest of detention. Comparing detention performance, Liu et al. [26] and
Villarreal et al. [14] presented peak flow reductions and peak delays of an intensive green roof on
an event basis. The peak reductions varied between 25% and 65%, and peak delays varied between
20 min and 40 min. Stovin et al. [10] concluded that peak reduction for rainfall larger than 10 mm
varied from 29% for a LECA-based bed to 68% for a sedum roof. They also noted that vegetated beds
with brick-based substrates offer consistently greater attenuation compared with the LECA-based
substrate. Stovin et al. [2] investigated the performance of an extensive green roof subjected to events
with a return period of over one year. They presented a per-event peak reduction of 59.22% (mean)
and 58.67% (median), and a per-event peak-to-peak delay of 54.16 min (mean) and 18 min (median).
Li et al. [27] reviewed the typical hydrological performance of green roofs. It was shown that they
attenuate a peak flow of 22% to 93%, and delay a peak flow of 0 to 30 min.

3. Materials and Methods

3.1. Geometrical Description and Structure Composition of the LECA-Based Roof

A full-scale LECA-based setup (Figure 1) was built to monitor the hydrological balance between
rainfall and runoff on the roof of a wastewater treatment plant at Hovringen in Trondheim, Norway,
approximately 50 m a.s.l. (63°26'47.5” N; 10°20’11.0” E). According to the Képpen-Geiger climate
classification map (http://koeppen-geiger.vu-wien.ac.at), Trondheim is situated at the interface
of oceanic (Cfb) and subarctic (Dfc) climates [23]. Main characteristics are strong seasonality,
short summers, and no predominant dry seasons. The Norwegian Meteorological Institute recorded
an annual precipitation of 950 mm and an annual average temperature of 3.8 °C in 2016. Cold climate
is defined as a climate where the mean temperature of at least one month per year is below +1 °C [28];
in Trondheim, this occurs in January, February, November, and December [21].
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Figure 1. The LECA-based roof with concrete paving stones and its cross-section. LWA: lightweight aggregate.
(a) The full-scale LECA-based roof at Hovringen (Trondheim, Norway); (b) The LECA-based roof
components in a cross-section

The dimensions of the LECA-based roof-cells are 8 x 11 m, with a longitudinal slope of 2%.
The full-scale configuration prevents impact associated with the scaling factor, which is important
when accounting for the lateral flow across the roof-to-roof drain. The structure composition is made
up of an underlying protection layer, a 200 mm thick layer of LECA® lightweight aggregates (LWA),
and covering concrete pavers (200 x 200 x 70 mm). A geotextile is used as a separation layer, and to
prevent fine particles from being washed out. LECA® LWA is an expanded lightweight crushed clay
aggregate with a bulk density of 500 kg/m?, a particle density of 1050 kg/m?, and a particle size range
of 1.5-2.5 mm [29]. Laboratory tests were also performed. The specific fraction was found to be ~60%
of the proportion of voids in a sample, with a maximum water holding capacity (MWHC) of 26.2%,
which is defined as the water content of a substance after two hours draining post-saturation. The tests
were performed according to the Guidelines for the Planning, Construction and Maintenance of
Green Roofing of the German Landscape Development and Landscaping Research Society [30].
The saturated hydraulic conductivity was measured to be 143.2 cm/h. The weight of the LECA-based
roof was calculated at 251 kg/m? based on completely dry materials, and 310 kg/m? for wet
conditions (MWHC). This includes LECA and pavers.

3.2. Data Collection and Event Analysis

Hydrological data were collected for all four seasons, from January 2017 to November 2017.
Precipitation was monitored by a heated tipping bucket rain gauge (Lambrecht meteo GmbH 1518 H3,
Lambrecht meteo GmbH, Gottingen, Germany) with a resolution of 0.1 mm at 1-min intervals.
The runoff collection was measured using a weight-based system with two tanks downstream of the
drainage outlets. The collection tanks had two conditions for emptying: they were automatically
emptied either every 30 min, or when the weight of the water approached the capacity of the tank (30 kg).

A CR1000 data logger (Campbell Scientific, Inc., Logan, UT, USA) recorded all the parameters
at 1-min intervals. Single precipitation events were defined according to a minimum period of 6 h of
antecedent dry weather (ADWP), as commonly used by several previous studies, among others [2,3].
A threshold precipitation depth of 0.5 mm was used to exclude insignificant precipitation events.
Similarly, a threshold discharge of 0.1 L/min was set to specify the start and end of runoff events.
The moisture content in LECA® LWA was recorded using Decagon 5TM soil moisture and
temperature sensors, which were delivered at the end of June. The moisture sensors were pre-calibrated
in the laboratory for minimum and maximum degrees of saturation (0% and 100% saturation).
Events were identified and sorted into five groups based on the type of precipitation: rain, rain on snow,
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snow, snowmelt, and mixed. A total of 127 events were registered in the period between January 2017
and November 2017: 94 rain events, 12 rain on snow events, 9 snow events, 4 snowmelt events, and 8
mixed events. The events which were designated as mixed typically had a long duration (several days)
and experienced several changes of precipitation type.

3.3. Retention Capacity

Retention was considered as long-term permanent water removal on a monthly basis, and a mean
value for the entire studied period. Retention capacity was determined as follows:

Ret =P —R, 1)

where P is precipitation, R is runoff and Ret is retention.
The retention at any given time will be the sum of the evapotranspiration and the water currently
stored in the LECA medium.

3.4. Detention Capacity

The detention capacity of the LECA-based roof was assessed as the ability to attenuate and delay
peak flows compared to the response of the black roof. This analysis was carried out on an event basis.
In some cases, several peaks were observed in a single event due to the long duration (several days).
In these cases, only the highest peak per event was analyzed. Peak flow reduction (PR) was determined
as follows:

PR=1— QLR,max (2)

’
BR,max

where Q[ R max is the maximum flow recorded per event from the LECA-based roof (LR), and QR max
is the maximum flow recorded per event from the black roof (BR). Peak delay (PD) was determined
as follows:

PD = TLR,max - TBR,maX/ (3)

where TR max is the time of maximum flow recorded per event from the LECA-based roof (LR) and
TBR max is the time of maximum flow recorded per event from the black roof (BR). Additionally, any delays
were analyzed as delays of centroid of individual events.

4. Results

4.1. Precipitation Events and Time for Regeneration of the LECA-Based Roof Storage Capacity

The event durations and precipitation depths varied considerably. Of the selected
highest-intensity events, the shortest lasted 8 min in July, and the longest lasted 122 h in October.
This presents a widespread range; therefore, the median value of 8.2 h might be more representative.
In terms of total precipitation depths, the events ranged from 0.5 mm to 85.4 mm. The total duration
of precipitation events and dry periods were determined. Assuming the 6 h ADWPD, precipitation
occurred 22% of the time during these eleven months. This leaves 78% of the time (dry period) for the
regeneration of the roof storage capacity, considered as time between events.

The precipitation at Hovringen (11-months dataset) was compared to the Risvollan stations,
located 82 m a.s, at an areal distance of 7 km, due to the unavailability of Intensity-Duration-Frequency (IDF)
curves at Hovringen. For the observation period, there was 8% more precipitation recorded at Hovring
than at Risvollan. The higher elevation of Risvollan makes this difference expected. Comparing the
observed events at Hovringen with the IDF curves from the Risvollan station, one can see that the all
the events fall below a 2-year return period, with the exception of one from August 19, which lasted
more than 1 day (Figure 2). The figure also shows a zoom to a 30 min resolution, where eventual rapid
storms can be found. However, they registered low precipitation depths.



Water 2018, 10, 263 6 0f 16

IDF - Risvollan IDF - Risvollan

100 e event record 2—->5 10 20 25 50 ——100
90
80
70
60
50
40
30
20

10

15

10

precipitation depth [mm]
o

precipitation depth [mm]

=+ @D O o
S SN |

=

a $
duration [minutes] . )
duration [minttes]

Figure 2. (left) The event record comparison with Risvollan Intensity—Duration-Frequency (IDF)
curves for different return periods; (right) 30-min resolution.

The mean event intensities ranged from 0.1 mm/h to 25.6 mm/h. Particularly, the maximum
mean intensity from July 26 that lasted 8 min exceeded the rest of the values; however, it is still below
a 2-year return period event.

4.2. Retention Performance

The total rainfall-runoff rate can be observed between 23 January 2017 and 30 November 2017.
During this period, the precipitation gauge measured 937.6 mm precipitation. The runoff depths
during the examined period were 912.1 mm and 852.4 mm for the black and LECA-based roofs,
respectively (Figure 3, Table 1). This indicated a discrepancy of 59.7 mm (black vs. LECA-based roof)
and 852 mm (precipitation gauge vs. LECA-based roof), which is the evaporated volume.
Overall, the difference between the precipitation and runoffs was a 3% volume reduction by the
black roof, and 9% for the LECA-based roof.

Cumulative precipitation vs runoffs
1000

~~~~~~~~~ predipitation  ——— LECA-based roof runoff ~ ——— black roof runoff

01/2017 02/2017 03/2017 04/2017 05/2017 06/2017 07/2017 08/2017 09/2017 10/2017 112017

Figure 3. Cumulative hydrograph from the rain gauge and runoffs of the black and the
LECA-based roofs.
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The seasonal variations are shown in Table 1. The 11 months were divided into four groups:
November, January, February, and March represent the winter period; April, May, and June represent
the spring period; July and August represent the summer period; and September and October represent
the fall period. The winter period confirmed zero evaporation during the cold climate condition.
The minor negative difference between the black roof and the precipitation gauge can be attributed
to signal noise and measuring uncertainties. The snowfall measurements are most likely the most
significant here. Evaporation in the spring season exceeded values from the summer season (Table 1).
This could be explained by an alteration of rainfall patterns in the summer season, when higher
intensity rainfalls occur, resulting in decreased retention.

Table 1. Seasonal variation in retention performance.

PR . . Normalized Daily
o
Season Number of Days  Total Precipitation (mm) Total Runoff (mm)  Runoff Reduction (%) Retention (mm) Retention (mm/day)
2017 Rain Gauge LECA Black LECA Black LECA Black LECA Black
Winter 97 349.4 343.6 355.3 2% —2% 57 -5.9 0.06 —0.06
Spring 91 301.3 251.9 276.7 16% 8% 49.4 247 0.54 0.27
Summer 62 1827 160.9 179.1 12% 2% 218 3.7 0.35 0.06
Fall 61 104.2 96.0 101.1 8% 3% 8.3 3.2 0.14 0.05
Total 311 937.6 852.4 912.1 9% 3% 85.2 255 0.27 0.08

The runoff coefficients calculated from total precipitation and runoff records were 0.97 for the
black roof and 0.91 for the LECA-based roof. The normalized daily retention estimated from total
precipitation and runoff measurements was 0.27 mm per day. This reflects the fact that the climate in
the Trondheim region is relatively cold and wet. The detention in the expanded clay aggregate (LECA),
followed by a subsequent slow drainage of the system, was much greater than the evaporation loss rate.

4.3. Detention Performance

The detention capacity of the system was evaluated using peak flow delay and peak flow reduction.
Evaluating the LECA-based roof using a wide range of performance indicators for all events indicated
that the performance was mainly influenced by duration, intensity, moisture content, and ADWP of
the individual events. At the same time, the detention indicators were highly sensitive to the chosen
subsets of the rainfall dataset which was used in the calculations. Therefore, the eight events with the
highest 5-min peak intensity were selected for detailed examination. Figure 4 illustrates the eight
largest events, ranging in duration from 8 min to almost 3 days, with depths of 3.2 mm to 59.6 mm (Table 2).
Additionally, the largest snowmelt (event 24) and rain-on-snow event (event 27) were included to
show the different types of events observed on the roofs. For event 24 (the pure snowmelt event),
there was a negative lag time delay between the black and the LECA-based roof. This can be explained
by the observed temperatures in the LECA-based roof, which were more stable compared to the
black roof. The black roof was typically colder than the LECA-based roof, meaning that higher net
radiation was needed to initiate snowmelt. Though this was the largest snowmelt event, it was a
relatively small compared to the other events in Tables 2 and 3, making the peak flow reduction
less relevant. Event 27 (the rain-on-snow event) is very difficult to evaluate without knowing the mass
of snow on the roofs at the onset of rain. It is not possible to compare peak lag times, as it is possible
that the snowmelt initiated prior to the precipitation runoff. A complete mass balance would be
needed of the initial snowfall until it was completely melted again. Due to these constraints, these two
events were excluded from the comparisons in Tables 2 and 3.
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Figure 4. The events with the highest peak 5-min intensity.
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Two alternative precipitation intensities were presented. The mean intensity indicates the ratio
between the depth and duration, whereas the peak 5-min intensity is the peak intensity measured over 5 min.
Event 45 turned to snow at a later stage, followed by a snowmelt in the end, and therefore the event
type was classified as mixed. However, this event was used in the final evaluation, since the peak
5-min intensity and corresponding runoff occurred during “rainy” conditions. Event 80 was quite
untypical in terms of mean intensity, which was more than ten times higher than the remaining events.
With respect to the return period, event 89 was the only one that fell between the 2-year and 5-year
return period (Figure 2).

Table 2. Rainfall characteristics for the significant events.

Event  Type Start Duration (hh:mm)  Precipitation Depth (mm)  Mean Intensity (mm/h) ~ Peak 5-min Intensity (mm/h)
28 rain 16.03.2017 19:43 1:38 33 2.13 14.40
45 mixed 20.04.2017 19:04 69:34 35.6 0.57 17.64
62 rain 17.06.2017 16:47 74:38 59.6 0.81 11.64
73 rain 12.07.2017 16:53 19:35 8.8 0.46 16.32
80 rain 26.07.2017 16:20 0:08 32 25.58 21.60
89 rain 19.08.2017 13:41 28:47 57.7 2.02 40.80
92 rain 29.08.2017 02:52 7:15 11.2 1.57 21.60
95 rain 13.09.2017 03:05 5:25 79 1.51 12.00

Table 3 summarizes responses of both black and LECA-based roofs for the eight events.
Here, individual events were characterized by comparing the maximum (peak) values registered from
the roofs. Overall, the peak delay totaled 1 h and 15 min in median and 7 h and 23 min in mean.
A long dry period before the events naturally led to the freeing of the storage capacity. However, this does
not necessarily mean ideal conditions for delaying peak runoffs, as can be seen for event 95.
On the contrary, the short dry period led to a sufficient delay for event 45. A focus on maximum
values was not always the best solution when evaluating the runoff delays. One can see very long
delays for the long-duration events 62 and 89. Event 62 even experienced two heavier rainfalls,
which obviously led to two responses. Because of this, two alternative solutions of peak delays were
suggested (Figures 5 and 6).

In terms of peak reduction (Table 3), the roof demonstrated a high efficiency, with a reduction
rate of 80% to 97%, irrespective of the length of the antecedent dry period or the degree of
previous saturation. The latter indicates the extent to which the voids in the expanded clay aggregates
are filled with water. The saturation measurements ranged between 31% and 61% for the period after
which the sensors were installed. In addition to the degree of saturation, the initial runoff may also
be used as a performance corrector or predictor. Higher initial runoffs correlate to higher degrees of
saturation in the media from previous events.

Table 3. Comparison of runoff characteristics of black and LECA-based roofs for the significant events.
ADWP: antecedent dry weather period.

Peak Delay  Peak Reduction Initial Degree of Saturation Initial Runoff Runoff Duration Runoff Duration

Event ADwP
Peak-to-Peak  Peak-to-Peak LECA Black LECA
(hh:mm) (hh:mm) (%) (%) (L/min) (hh:mm) (hh:mm)

28 23:41 0:00 95% - 0.27 2:43 14:26
45 7:37 2:30 85% - 07 69:42 93:40
62 17:14 36:42 80% - 0.08 74:57 81:41
73 8:44 0:01 97% 35.7 0.42 13:00 27:02
80 23:56 0:00 97% 32.1 0 0:51 1:22
89 62:42 12:17 93% 325 0.02 29:25 58:04
92 66:36 7:35 97% 32.2 0.01 15:46 33:28
95 165:12 0:00 95% 32.1 0.01 4:56 29:51

There were large differences in the runoff duration between the examined roofs. The median
runoff duration of the LECA-based roof (31.5 h) lasted 2.2 times longer than of the black roof (14.5 h).
Considering average values, the mean runoff duration of the LECA-based roof (42.5 h) lasted 1.6 times
longer than of the black roof (26.5 h).
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Figure 5 serves to recognize centroid delays of individual runoffs. The steep rises in cumulative
runoffs associated with the black roof response after intense rainfalls may be considered a potential
cause of rapid floods. One can see that the LECA-based roof transformed these rises to either
flat (effective detention performance) or—in extreme cases—gradual runoffs. The extreme cases
may be seen in events 45, 62, and 89. Additionally, Figure 5 shows the largest snowmelt and
rain-on-snow events; however, these were different types of events, shown only for comparison.
Further calculations include only the eight largest events, as outlined in the methods.
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Figure 5. Cumulative runoff responses to the events with the highest peak 5-min intensity.

Considering shorter ADWP between events would result in a larger number of individual events.
For instance, event 62 needed a 3 h ADWP to separate the event into two parts. Events 89 and 92,
sharing a similar pattern, needed shorter breaks within the rainfall dataset (e.g., approximately
5-10 min), as there was continuous rainfall during this whole event. Using shorter breaks in the
rainfall dataset would underestimate the total performance. For instance, the peak delay would change
dramatically to 1 min (median) and 28 min (mean). Considering the centroids as the representative values,
the peak delay counted 6 h (median) and 5 h and 51 min (mean).

Figure 6 presents a comparison of the alternative methods for runoff delays. The centroid delays
were influenced by the short event 80, with small rainfall depth lasting only 8 min; this obviously led to
a shortening of the centroid delay as well. During events 28 and 95, the quick responses can be clearly
seen by the LECA-based roof runoffs, compared to the black roof peak runoff at the very beginning.
This was probably caused by water collecting directly in the outlet (0.25 m?). Therefore, those peak
runoffs should not be considered as real responses of the LECA-based roof. Overall, the peak reduction
presents 95% in median and 92% in mean.

Runoff delay Peak reduction

12:00 100%
95%

9:00
90%
6:00 85%
80%

3:00
75%
0:00 70%

6 ADWP  Centroids Shorten 6 ADWP peak-
peak-to-peak break in rain to-peak

Figure 6. Comparison of the different methods of (left) the runoff delay and (right) the peak reduction.
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5. Discussion

5.1. Retention Capacity

Retention is expected to be highest in the warm season. During the winter months, there was very
limited measurable retention observed (2%). This is consistent with research [20] focused on potential
evapotranspiration in cold and wet regions. Overall, the difference between the precipitation and
runoff resulted in a 3% volume reduction for the black roof and 9% for the LECA-based roof. This is
lower than the results presented by previous non-vegetated and green roof studies [1,3,10-13,22,24].
In terms of Norwegian conditions, Braskerud [31] presented a 25% runoff reduction in extensive
green roofs in Oslo. This also agrees with the limited retention performance of the LECA-based roof.
On the other hand, the result is most comparable with studies conducted in locations with wet and
cool conditions [17,24]. The normalized daily retention during spring accounted for 0.54 mm per day,
which is comparable with results from Beretta et al. [9]. As for the summer, 0.24 mm/day is about five
times higher.

Nevertheless, it is a generally confirmed fact that water losses from vegetated roofs are higher
due to evapotranspiration [25]. Berretta et al. [9] previously concluded lower daily moisture loss when
using non-vegetated roofs compared to green roofs. Additionally, the reason for lower retention may
be attributable to the concrete pavers, which cover and seal much of the surface area.

Average performance indicators may be useful for comparing different systems or even the same
system exposed to different climatic conditions and/or for determining annual runoff, which does
not have to be treated in a wastewater treatment plant. However, this data is very limited in terms of
stormwater management design.

5.2. Detention Capacity

The performance indicators should reflect the performance in the non-daily events. Therefore, the eight
largest events were examined. Evidence that the LECA-based roof can reduce peaks up to 95%
(median) and 92% (mean) for significant events, as well as delay peaks by 1 h and 15 min (median)
and 7 h 23 min (mean), provides support for its use in urban stormwater management strategies.
The results of the peak reduction and delay, when neglecting the evapotranspiration effect, show a
better performance than in the reviewed literature, for both the non-vegetated [10] and the green
roofs [2,14,26,27,31].

The difficulties with defining events using the 6 h ADWP (resulting in some very long events)
indicated that it might not be the best-suited time definition for the climate zone. These long duration
events also cause decreasing mean intensity of individual events. Considering a maximum runoff
as the representative value for an event may overestimate the overall performance in terms of the
peak delay, even though it is more natural to compare events according to maximum registered values.
The irregularity of natural rainfall patterns, combined with the variability within detention effect in
specific events, complicates the identification of peak-to-peak delays. Centroid delays are perceived to
be a more robust indicator of the delays in bulk runoff than peak delays [15]. Considering the centroids
as the representative values, the peak delays total up to 6 h (median) and 5 h and 51 min (mean).
Even though the vertical movement of stormwater (due to high saturated hydraulic conductivity;
Ksat = 143.2 cm/hour) through the expanded clay aggregate is rather quick, the lateral movement
through the media as well as the size of the roof (the distance between the sides to the outlet) and the
slope of the roof are decisive and cause the high detention in the LECA-based roof.

5.3. Effect of Antecedent Events

Moisture levels in the expanded clay aggregate were higher than expected during dry periods.
The expanded aggregate detains water for a long time, demonstrating why it is used for planting.
However, very low saturation could be seen in November, when the moisture sensor registered
low or negative temperatures. This can be explained by the inability of the sensor to accurately
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measure moisture in low temperatures, or a measurement error due to frozen media. Between July
and November (Figure 7), every month experienced a long dry period: 156 h in July, 172 h in August,
278 h in September, 166 h in October, and 191 h in November.

Relationship between the degree of saturation and the sensor temperature
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Figure 7. Variation of the degree of saturation within July and November.

Disregarding the long dry periods, the expanded clay aggregate kept a relatively high content
of water within the medium. This clearly shows that the expanded clay aggregate was unable to
fully regenerate its storage capacity to completely dry conditions, as in the laboratory. Despite the
relatively high remaining saturation before an event, the LECA-based roof provided high performance
in terms of peak reduction, as well as slowing down and transforming the runoff into a more natural
flow for all seasons. Based on the moisture content measurements, a maximum storage capacity of
3.2 mm (0.28 m®) was determined. This was also validated by a maximum observed precipitation
of 2.7 mm, which did not generate runoff. The total available voids space (120 mm) is permanently
taken by an inaccessible volume of 31%. This could indicate that there might be some capacity that
could be gained by optimizing the size fractions. The void space is a function of this LECA type,
making this yet another parameter which could be further investigated for optimal water detention.
However, the water is adsorbed by the void spaces in the LECA, which additionally makes the water
detention capacity dependent on the rainfall intensity.

5.4. Practical Implications

In light of the results and limitations, the LECA-based retrofitting shows promising results in
terms of handling runoff from precipitation depths as a source control. This solution outperformed
the conventional green roof solutions [14,18,26,27] in several aspects. The hydrological performance
was evaluated for retention and detention, as well as for resistance to different forms of precipitation
and durability. The practical implication of the LECA-based roof with respect to the detention
performance includes runoff delays and peak flow reductions. Extending the durations of the
runoff may significantly decrease the number of combined sewer overflows or the design volume of
underground detention basins. The hydrological performance did not decline during the largest events
recorded in this study, giving a strong indication of its performance, even during the more intense
precipitation events. The LECA-based solution offers a detention capacity on the roof without allowing
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standing water on the roof membrane, as the water is held back and absorbed into the LECA material.
An alternative solution would be an open or closed detention basin on the roof, or a cistern/closed
tank system. A detention basin directly on the roof would exert water pressure on the roof membrane,
increasing the risk of leaks. Standing water on the roof in a cold climate would freeze and contribute
to blocked drains and ice formation on the roof. This would be a significant risk factor, as the ice
expansion could also result in frost failure of the drains, which would lead to malfunctioning drains,
and in the worst case, leaks into the underlying layers. A cistern-type solution would also experience
freezing problems unless it was fully insulated or located indoors. The latter solution would be
technically possible, as flat roofs always have internal roof drains in cold climates, again to minimize
freezing of standing water. However, in urban areas where space is at a premium, it is more attractive
to utilize the currently unused rooftop rather than sacrifice indoor space in buildings. The LECA-based
solution is also an attractive solution to retrofit existing roofs, while the cistern solution would only be a
feasible option for new buildings, due to the need for indoor space. Though it is not the only non-green
alternative possible, the LECA-based system offers rooftop detention without introducing standing
water pressure on the roof membrane, and with minimal ice formation risk due to the draining capacity,
leaving no standing water on the roof.

In terms of estimated material costs per m?2, the LECA-based roof is approximately 40 €/ m?2,
whereas a green roof is 70 €/m? (following consultations with providers). Since the LECA-based roof
performance does not rely on the evapotranspiration effect, it can used worldwide. The findings are
specific to the LECA-based roof study and the specific actual rainfall that occurred during the study.

The weak points of the LECA-based roof in comparison to the green roof are in weight and
in lower retention ability during warmer months. The LECA-based roof weighs 251 kg/m? in dry
conditions and 310 kg/ m? in wet conditions, whereas a green roof weighs 25 kg/ m? in dry conditions
and 50 kg/m? in wet conditions [32]. On the other hand, green roofs require irrigation during
dry periods, periodical fertilization throughout the year, and have a deteriorated performance in
extreme conditions [33].

6. Conclusions

The comparative study of precipitation and runoff data from two parallel rooftops (the LECA-based
roof and the referenced “black” roof) was carried out at a coastal part of Trondheim, Norway.
Eleven months of data were collected, analyzed, and divided into 127 events (94 rain events) according
toa 6 h ADWP.

With respect to the previously reported findings, the retention performance of the LECA-based
roof was lower than that of typical green roofs. This is because the water loss is only actuated
by evaporation. For the entire studied period, the balance between precipitation and runoff of the
LECA-based roof was estimated at 0.27 mm/day; this performance is 0.19 mm/day higher than the
normalized daily retention of the black roof.

The runoff characteristics regarding to detention capacity of the LECA-based roof are
particularly encouraging, even though the performance of source control systems typically struggle
with intense rainfalls of short duration. Overall, the study demonstrated that the LECA-based
configuration provided a large improvement compared with the black roof runoffs, with a peak
reduction of 95% (median) and 92% (mean), and with a peak delay of 1 h 15 min (median) and
7 h 23 min (mean). This indicates that the LECA-based roof, with its improved detention performance,
could be a good solution for the retrofitting of already-existing roof areas.
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Abstract

Rooftops cover a large percentage of land area in urban areas, which can potentially be used for stormwater
purposes. Seeking adaptation strategies, there is an increasing interest in utilising green roofs for stormwater
management. However, the impact of extreme rainfall on the hydrological performance of green roofs and
their design implications remain challenging to quantify. In this study, a method was developed to assess the
detention performance of a detention-based green roof (underlaid with 100 mm of expanded clay) for current
and future climate conditions under extreme precipitation using an artificial rainfall generator. The green roof
runoff was found to be more sensitive to the initial water content than the hyetograph shape. The green roof
outperformed the black roof for performance indicators (time of concentration, centroid delay, T50 or peak
attenuation). While the time of concentration for the reference black roof was within 5 minutes independently
of rainfall intensity, for the green roof was extrapolated between 30 and 90 minutes with intensity from 0.8 to
2.5 mm/min. Adding a layer of expanded clay under the green roof substrate provided a significant improvement
to the detention performance under extreme precipitation in current and future climate conditions.

Key words: 20-year return period, climate change, depth duration frequency curves, design rainfall, detention-
based green roofs, performance indicators

Highlights

® A method to assess the performance of a green roof under extreme events with a rainfall simulator was devel-
oped.

® Underlying a thin extensive green roof with expanded clay provided significant improvement to the detention
performance.

® The study demonstrated that extensive green roofs with an added detention layer can have an effect also for
extreme precipitation events including a climate factor.

® New knowledge on the water distribution within the roof from antecedent precipitation and how it affects the
future performance.

® Demonstrating that the runoff can be predicted from the initial moisture, showing that for this roof the runoff
exponentially increased with increasing initial moisture.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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INTRODUCTION

Climate change is increasing the exposure and vulnerability of urban environments to local flooding
(among others: Few 2003; Miller & Hutchins 2017; Hettiarachchi et al. 2018). The increasing fre-
quency of extreme precipitation and growing urbanization have amplified the need for sustainable
design and management of stormwater measures in urban areas (Mentens ef al. 2006; Arnbjerg-
Nielsen et al. 2013; Zhou 2014). Consequently, green roofs have become a common and popular
green infrastructure solution around the world (Stovin 2010; Voyde et al. 2010; Fassman-Beck
et al. 2013). The use of green roofs as a stormwater solution is rapidly growing across the Nordic
countries, and several municipalities have set targets for their implementation (Copenhagen 2011).

Norway has adopted a three-step approach to stormwater management, where step 1 aims to infiltrate
all small events onsite (a well-established and effective solution to reduce peak runoff from impervious
surfaces), step 2 aims to safely detain all medium-size events, while step 3 aims to ensure safe floodways
for all extreme events (Lindholm et al. 2008). Green roofs target events covering both step 1 and step
2. Although there is no infiltration into the ground from green roofs, the small events typically do not gen-
erate runoff from the roofs as the water is retained in the substrate and later released through
evapotranspiration. Small to medium events are both partly retained in the roof and partly detained
and released as delayed runoff. Recently, new research dealing with a lightweight expanded clay-
based roof (also called grey roof) has demonstrated the potential to attenuate intense rainfall (Hamouz
et al. 2018). However, little research has been conducted on the performance of green and grey roofs
during extreme events. Extreme events, by their nature, occur neither regularly nor frequently, and
they are therefore difficult to capture. Additionally, due to climate change, extreme events are
expected to increase in intensity and frequency (Stocker 2014; Hanssen-Bauer ef al. 2017; Hoegh-
Guldberg ef al. 2018). A great amount of uncertainty is linked to the change in extreme events as the tra-
jectory of climate change itself remains uncertain. This is why several scenarios depending on impact of
human activities on climate have been developed to evaluate and predict this change (Hanssen-Bauer
et al. 2017).

Green roofs offer stormwater solutions that can conceivably contribute to the management of extreme
events as they allow the opportunity to deal with stormwater directly at the source. The critical perform-
ance provided by green roofs is their retention and detention capacity. Detention performance is
principally related to runoff delay, attenuation, and peak flow reduction (Stovin et al. 2017; Hamouz
et al. 2018) which are crucial to dealing with extreme events since retention capacities are limited
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during extreme precipitation (VanWoert ef al. 2005; Villarreal & Bengtsson 2005; Speak et al.
2013; Johannessen et al. 2018). The use of a combined solution comprised of both green and
expanded clay-based (grey) elements is expected to provide a way to design a structure able to
achieve long-term retention and event-based detention performance capable of dealing with
both conventional and extreme events. There is a consensus in the literature that the performance
of green roofs is subject to local weather patterns (Berndtsson 2010; Li & Babcock 2014; Stovin
et al. 2017). Common practices to study the performance of green roofs under various locations
rely on: field studies limited by available data and location, and modelling studies limited by avail-
able data and the transferability of the model (Johannessen et al. 2019). The assessment of
detention performance can be challenging due to the irregularity of natural precipitation patterns
and the variable storage capacity available at the time of a given precipitation event (Stovin ef al.
2017). Due to the difficulties involved with identifying detention metrics that describe the per-
formance of green roofs for natural precipitation and lack of data on extreme rainfall events,
the use of a rainfall simulator was found to be an effective method for testing the roof under
extreme ‘input-controlled’ (e.g. hyetograph and initial water content) variables and evaluating
the roof performance. Artificial rain has already been used to simulate various hyetographs to
deal with lack of data associated with intense rain (Bengtsson 2005; Villarreal & Bengtsson
2005). Spatial uniformity of the simulated rainfall has been investigated in a certain number of
studies (Naves ef al. 2017; Naves et al. 2019). However, no research was found to apply the rain-
fall simulator to test different hyetographs on a full-scale green roof under changing initial climate
conditions.

As a green roof’s performance is dependent on water content, the use of a rainfall simulator
might be a solution for controlling storm characteristics and initial conditions, including initial
water content for a full-scale roof. Due to the rare occurrence of extreme events, utilising artifi-
cial rain is a way to fill the knowledge gap. Therefore, the purpose of this research is to assess a
procedure for using artificial rain to study the hydrological performance of a detention-based
green roof under extreme events. More precisely, this study focuses on 20-year return period
(RP) rain events for three Norwegian cities (Bergen, Oslo, Trondheim), taking into account cli-
mate change.

The main objectives of this research were as follows:

1. Develop a method to test extreme precipitation on a full-scale, detention-based green roof using a
rainfall simulator.

2. Assess the hydrological performance of a detention-based green roof under extreme precipitation,
exceeding a 20-year return period in current and future conditions and including a 1.4 climate factor.

MATERIALS AND METHODS
The study area

A full-scale field setup was built on top of a roof located approximately 10 meters above ground and
50 meters above sea level. The setup was built to study the hydrological performance of different roof
configurations at Hevringen in Trondheim, Norway (63°26'47.5” N 10°20'11.0” E). In this paper, a
green (underlaid with 100 mm of expanded clay — material characteristics in Appendix, Table A2)
(FLL 2008) and a black roof, which both had a total area of 88 m? and a longitudinal slope of 2%,
were considered (Figure 1). More information about the field setup may be found in previous studies
(Hamouz et al. 2018; Hamouz & Muthanna 2019). The detention-based green roof, referred hereafter
as the green roof, was tested in this study. The black roof was used as a reference for comparison.
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Figure 1 | Conceptual view of the roof, irrigation system and measurement device (on the left), the green roof in a cross-
section (on the top right), example of a daily experiment (on the bottom right).

Field data collection

The meteorological and experimental data were collected during a period lasting from May 2019 to
October 2019. Natural precipitation was measured by a heated tipping bucket rain gauge (Lambrecht
meteo GmbH 1518 H3, Lambrecht meteo GmbH, Goéttingen, Germany) with a resolution of 0.1 mm
at 1-min intervals and with an uncertainty of +2%. Runoff was measured using a weight-based system
(accuracy class C3 according to OIML R60) with two tanks located downstream of the drainage outlet
(a 110 mm pipe). All data were recorded at 1-min intervals using a CR 1000 data logger (Campbell
Scientific, Inc.). More information related to the instrumentation may be found in other studies
(Hamouz et al. 2018; Hamouz & Muthanna 2019). Additionally, eight plexiglass tubes were buried
vertically along the longitudinal edge of the roof for visual observation and estimation of spatial
water distribution within the roof at the beginning and the end of each individual event during the
tests.

Rainfall simulator and future climate scenarios

The field site was equipped with a setup using a grid of non-regulated nozzles (4 nozzles per line, 4
lines) connected to a water supply pipe that was used to generate the precipitation input. The nozzles
were placed 1.5 m above the roof to ensure the maximal spreading effect of water. The enlarged uncer-
tainty (BIPM et al. 2009) with respect to the water spatial distribution was +3%. The enlarged
uncertainty of inflow was estimated to be +0.06 mm/min and caused by variations in inflow (i.e. a
pressure drop in the water supply).

The inflow rates were measured by an electromagnetic flowmeter (Siemens Sitrans FM MAG 5000;
uncertainty +0.4% of the flow rate) and regulated using two valves to allow changes of inflow dur-
ation and intensity. The decision was made to run rainfalls with different durations, intensities, and
inter-event periods (ranging from 5 minutes to more than 74 minutes) to enable different initial
water contents (IWC) in the roof and differently shaped hyetographs. The range of intensities (from
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0.8 to 2.5 mm/min) was limited by the minimal flow due to nozzle spread and maximum flow by the
capacity of the flow measuring tanks.

Climate change was considered in this study through an increase in precipitation using a climate
factor. The Norwegian Climate Centre (https://klimaservicesenter.no/) published recommendations
for future short-term precipitation until 2100 (Hanssen-Bauer et al. 2017; Dyrrdal & Ferland 2019).
Based on this recommendation, a 1.4 climatic factor (CF) is advised in Norway. Firstly, precipitation
depths for the 20-year return period (RP) were derived from Depth-Duration-Frequency (DDF) curves
for three different cities: Bergen (BER), Oslo (OSL), and Trondheim (TRO) (Table 1). The locations
were chosen because of their different climatic conditions. Secondly, these DDF curves were multi-
plied by a climate factor of 1.4 to estimate expected rainfall in the period between 2071 and 2100,
including a worst-case scenario with Representative Concentration Pathway (RCP) 8.5 for short-
term events. The use of this factor was also suggested in other studies (Kristvik et al. 2018; Kristvik
et al. 2019).

Experimental design

To study the behaviour and performance of the roof under extreme rainfall, four primary variables
were identified: (1) IWC (based on water balance), (2) rainfall duration, (3) mean intensity of the rain-
fall, and (4) shape of the hyetograph (impact of varying intensity). Additionally, secondary variables
(depending on primary variables) were considered: (5) depth of the rainfall, depending on its duration
and mean intensity and (6) location and climate change scenario, linking duration and mean intensity
using Intensity-Duration-Frequency (IDF) or Depth-Duration-Frequency (DDF) curves.

The main objective was to identify the most significant variables governing the behaviour of the
roof. The experimental design has been driven by the Bayesian principle to minimise the number
of experiments. This means that the method has been updated by considering the results obtained
in the previous steps. The experiments’ three main steps were as follows:

1. The first step was conducted to include a primary analysis of the behaviour of the roof. The influ-
ence of rainfall intensity was measured by performing the time of concentration (TC) test. The TC
was defined as the time for the roof’s runoff to equal inflow under constant intensity rainfall. Sub-
sequently, the water drainage was assessed.

2. Based on the results of the first step, the second experiment was conducted to compare the influ-
ence on runoff of a change in hyetograph to a change in IWC.

3. Finally, the third step, based on the results of the first two steps, was conducted to study the influ-
ence of the duration and intensity while considering the impact of water content (WC).

Step 1: assessing hydrological behaviour of the roof

To fulfil the first step, the green roof TC was estimated for different inflow intensities (0.8, 1.0, 1.2, 1.4,
1.7, 2.0, and 2.5 mm/min) and compared with the black roof TC. The duration of each event was mon-
itored to ensure that both inflow (42%) and outflow (42%) lay within the boundaries for
measurement uncertainty which was set as a threshold for ending the individual tests.

The roof drainage was studied as part of the first step by recording the outflow after the end of the
inflow (precipitation) stopped at the conclusion of the TC test. The drainage curves were later updated
with the data from steps 2 and 3 to refine the results.

As the performance of the roof depends to a large degree on WC, and given the fact that short,
intense rainfalls typically pose the biggest challenge to urban drainage systems, the choice was
made to focus on short-duration events by running the rainfalls successively during step 2 and
3. Each hyetograph presented below in step 2 and 3 was applied in a sequence separated by dry-
periods (from 5 to 74 min). Each hyetograph was repeated 3-9 times (see example Figure 1). The
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Table 1 | Summary of the tested rainfall events derived from DDF curves for three locations: Trondheim, Oslo, and Bergen both with and without CF

Return Period

Return period CF=1.4

Number of Notes
D Intensity  Depth Duration blocks TRO osL BER RO osL BER -
- [mm/min]  [mm] [mm:ss] [-] [yvyy] [yvyy] -
TRO 1 17 12 07:00 9 200 20-25 100 20 5 5-10 -
TRO 2 1.0 16 16:00 8 200 5-10 100 20 2 5 16 min with 1 mm/min intensity
TRO2a 1.0 16 16:00 7 200 5-10 100 20 2 5 2 min with 2.6 mm/min followed by 14 min with 0.8 mm/min
TRO2b 1.0 16 16:00 8 200 5-10 100 20 2 5 14 min with 0.8 mm/min followed by 2 min with 2.6 mm/min
TRO2c 1.0 16 16:00 6 200 5-10 100 20 2 5 7 min with 0.8 mm/min followed by 2 min with 2.6 mm/min and
7 min with 0.8 mm/min
TRO2d 1.0 16 16:00 6 200 5-10 100 20 2 5 2 min with 2.6 mm/min three times
TRO 3 2.6 9 03:30 9 200 100-200 100 20 10 5-10 -
TRO 4 0.8 20 26:00 6 200 5-10 100 20 2 5 -
OsL 1 17 23 16:00 5 >>200 200->200  >>200 >200 20 200->200 -
OSL 2 1.0 45 44:00 3 >>200  200->200 >>200 >200 20 200 -
BER 1 17 16 09:00 6 >200 50-100 >200 50 5-10 20 -
BER 2 1.0 28 23:00 5 >200 20 >200 50 5 20 -

Bold entries show the events with 20 RP; the rest was transposed to other locations.
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inter-event duration was adapted with real-time control of runoff to increase IWC: (1) the peak of
runoff had to be reached, (2) IWC had to increase, (3) the set of IWC had to be evenly distributed.

Step 2: influence of the hyetograph

In the second step, the choice was made to run events with different hyetographs in order to identify
to what hyetograph the roof runoff is the most sensitive as well as to assess the significance of the WC
in contrast with the hyetograph. In this step, all simulated hyetographs corresponded to the same
overall rainfall depth (16 mm) and duration (16 minutes), although with different distributions
named TRO 2, 2a, 2b, 2¢, and 2d (see Table 1). The duration and intensity were based on the
20-year return period curve of Trondheim with the 1.4 climatic factor.

Step 3: influence of duration and intensity

The third step was split in two sub-steps. Firstly, four events were selected on the 20-year return period
curve of Trondheim with the 1.4 climate factor (TRO 1, TRO 2, TRO 3, and TRO 4, see Table 1). Sec-
ondly, based on the results of the first sub-step, the list of events was expanded through selecting
events from the DDF curves of Bergen and Oslo (Figure 2). The intensities of TRO2 and TRO3
were chosen to select the events and study the influence of the rain duration: two events for Oslo

Dl"JF curves for Trondheim DDF curves for Trondheim, CF=1.4

80 RP2 RP50 80
L RP5 RP100
60 RP10 RP200 60
40 * gggg 4 Applied rains 40 * |
* . = = —
20 do——"— = 20
i ‘ i ] 5 . . .
00:00 00:30 01:00 01:30 00:00 00:30 01:00 01:30
80 DDF curves for Oslo 80 DDF curves for Oslo, CF=1.4
E60r 1 E 60
E E
5 40 < 40
) &
d20r 820
0 . . . 0 . . .
00:00 00:30 01:00 01:30 00:00 00:30 01:00 01:30
80 DDF curves for Bergen 80 DDF curves for Bergen, CF=1.4
60
40 *
L4
201
0 g 0
00:00 00:30 01:00 01:30 00:00 00:30 01:00 01:30

Duration [hh:mm] Duration [hh:mm]

Figure 2 | DDF curves for different return periods, locations, both with (on the right) and without (on the left) the CF of 1.4.

(OSL 1 and OSL 2) and two events for Bergen (BER 1 and BER 2) (Table 1 and Appendix,
Table A3 and Table A4). An overview of the individual events was plotted for the different locations
- both with and without the climatic factor as shown in Figure 2.

Performance indicators and condition indicators

For all simulated rainfall events, a set of performance indicators was estimated:

* Peak Runoff [mm/min]: maximum runoff at 1 min intervals;
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Peak Rainfall — Peak Runoff
Peak Rainfall
maximum rainfall intensity at 1 min interval;

 Peak Attenuation [ —| =

where Peak Rainfall [mm/min] is the

Peak Delay [min]: the time between the peak rainfall (the maximum and the last peak when observ-
ing multiple peaks) and peak runoff;

Centroid Delay [min]: delay between the mass centre of the rainfall and mass centre of the associ-
ated runoff;

T50 [min]: a delay between 50% of the volume of the rain supplied on the roof and 50% of the
volume released out of the roof. T50 delay was only computable when more than 50% of the
rain depth was drained from the roof, whereas Centroid Delay and Peak Delay rely only on
runoff (they do not consider retained water).

Condition indicators:

« Initial Relative Water Content [mmm]: IWC for each event was based on water balance;
* Peak Relative Water Content [mm]: PRWC highest value of WC observed before peak runoff
(especially, for constant intensity rainfall it corresponds to the WC at the end of the test).

Data processing

The water balance equation was applied to compute WC within a 1-min time resolution. It was not
possible to know the IWC; hence, the WC was computed using the stable tail of the outflow (see sec-
tion ‘Drainage of the roof’) as a reference:

WC; = WCi1 + Ry — Prif t <ty and WC; = WCy_1 + Ry_1 + Py_1 if t > t, With 1, the daily refer-
ence time on the stable tail of the outflow, R the runoff, P the rainfall depth and ¢ the time. The unit
was kept as mm to facilitate comparison with rainfall depth. The enlarged uncertainty of WC due to
water balance was estimated to be +0.7 mm based on the Monte Carlo Method. The raw data were
analysed using custom MATLAB® scripts.

Due to the short inter-event period between artificial rains, it was not possible to use raw data to
compute centroid delay and T50-delay for each rain. Thus, with respect to the first step results, the
falling limb between two events was best-fitted using the data from the observed drainage curve.
Linear interpolation between successive time intervals was used to minimize the error between the
falling limb during dry periods and the roof measured drainage curve. The fitting with the falling
limb was evaluated using Nash-Sutcliffe efficiency (NSE). The data from each event was completed
to ensure that the outflow volume is equal to the inflow volume and that most of the indicators
were computable. Natural precipitation recorded during the experimentation was included in the
analysis. However, since the intensity of natural rainfalls was very low compared to the artificial rain-
fall, the impact of the natural rainfall could be disregarded.

RESULTS AND DISCUSSION
Hydrological analysis of the roof
Time of concentration

To study the behaviour of the roof, the time of concentration (TC), was first assessed. Figure 3 shows
the TC curves for different intensities for both the black and the green roofs. TC of the green roof was
found inversely proportional to the intensity, i.e. decreasing from 90 minutes to 30 minutes for
increasing intensity from 0.8 mm/min to 2.5 mm/min. In contrast, TC of the black roof was found
around 5 minutes independently of the intensity. The events defined by their TC and corresponding
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Figure 3 | The TC for different rainfall intensities and rooftop solutions. The TC test for 0.8, 1.0 and 2.5 mm/min intensity
started on a partially saturated roof and the curves were completed using concatenation.

mean intensity were found to be close or greater than a 200-year return period (RP) event in Trond-
heim, Bergen and Oslo, having a 1.4 climate factor. The exact TC was challenging to estimate due to
its sensitivity to IWC and its slow asymptotic convergence. Moreover, in the 0.8 mm/min and
1.0 mm/min tests, TC was based on concatenation of the runoff, which might have altered the
result. Data from concatenation were monitored under different conditions, inner porosity was satu-
rated (inner porosity was hypothesized to distinguish water standing between the aggregates and
water stored in the aggregates), which could have led to underestimating TC. The beginning of an
event is subject to a transient state (explained later in ‘Sensitivity to hyetograph’) leading to overesti-
mating TC, even though the transient state was excluded as much as possible. Due to the
characteristics of the tested extreme rainfall events, ponding was observed. It was visually inspected
that this was linked to the detention properties of the expanded clay and that the outlet was not sub-
merged. Figure 1 shows water distribution in the longitudinal cross section in the middle of the roof.

Dynamic spatial distribution of water within the roof

During all the tests, the spatial distribution of water through the roof longitudinal cross-section was
assessed by manual measurement, i.e. the depth of water standing in the roof measured in the 8 plexi-
glass tubes. This measurement showed the head loss along the flow path toward the outlet. It was
found that different distributions of water within the roof for different rainfall events could lead to
the same average WC. In addition, it was also observed that, for high WC (more than 35-45 mm of
WC), the same average WC could lead to minor differences in outflows (the uncertainty increases
with the WC), which is likely linked to different spatial distributions of water within the roof. This
phenomenon was understood as the dynamic effect linked to both the dual-porosity properties of
the detention layer (expanded clay) and the size of the roof as the water cannot be instantly trans-
ferred to the outlet. Figure 4 shows that the water distribution within the roof at the end of an
artificial rainfall was not linear. It was found, especially in OSL 1, BER 1, and BER 2, that the
water distribution was dependent on the rainfall intensity and duration acting as a feedback loop:
higher intensity led to higher runoff and greater dynamic effect, leading in turn to higher runoff. In
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Figure 4 | Cross-section of water distribution in the roof with 50 mm of WC. Data measured during 10.7.2019 along one of the
longitudinal edges of the roof. The shaded area (grey) represents the existing concrete structure.

the upper part of the roof (right side of Figure 4), the water level followed a parabolic distribution.
During the inter-event period, the water distribution tended to maintain a steady state influenced
by gravity and detention properties (the distribution became more linear). Variation of water distri-
bution was explained by capillarity and gravity effect in the detention medium. It was also
influenced by both the imperfection of the rainfall simulator (the rainfall spread was not perfectly
homogeneous with +3%), and the upper side of the roof having a boundary effect (i.e. close to the
top of the roof, no flow was coming from upstream). In addition, a different distribution near
the outlet would have been expected if the measurement longitudinal cross section aligned
with the outlet due to a different boundary condition. It was also hypothesized that inner conductivity
(i.e. the aggregates hydraulic conductivity) was lower than the medium hydraulic conductivity. After
saturating the medium, the inner porosity was not yet completely saturated. For this reason, it was not
found relevant to simplify the behaviour of the roof as initial losses until field capacity was reached
and followed by runoff, as these two processes are interconnected.

Drainage of the roof

For all events, a smooth falling limb, decreasing exponentially, was observed from a nearly saturated
roof after various rainfall events (Figure 5). The drainage curves were plotted and processed together
with the same starting value. Figure 5 presents the median-observed runoff curve estimated from 14
different events, including the 5th and 95th percentiles. Falling limbs strongly affected by natural rains
were excluded from the sample. Additionally, the corresponding relative WC was computed. Even
with a minor variation of observed drainage curve, the difference from the 5th percentile to the
95th percentile led to significant variations when computing WC. The WC used with performance
indicators was computed based on raw data; hence, while any instability of WC computing should
not affect the results presented here, it does highlight the sensitivity of the water balance during
long-term events. The WC curve suggests that the detention time is long: starting with 60 mm of
WG, it took 3 hours to drain 50% of the water and 6 hours to drain 66% of the water. The analysis
of the dynamic distribution of water within the roof and the hypothesis of a dual porosity of the
roof material suggests a relevant explanation to interpret the roof drainage curve. The standing
water was drained during the first hour, inducing a quick change of outflow. During the second
phase, the outflow had smaller variations as the runoff was driven by its exchange with inner WC
(i.e. water in the aggregate). The roof has a long saturation and inner porosity drainage time. There-
fore, the previous day rainfall and the corresponding detained water can have a significant influence
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Figure 5 | Median-observed drainage curve for the green roof with 5th and 95th percentile.

on the roof performance. Based on this it was chosen to run short events several times per day to
experience a range of WC during the experiments second and third steps.

Sensitivity to hyetograph

The hydrological performance of the roof as a source control may be explained and understood using
a variety of indicators, as can be seen in the Appendix, Table A3 and Table A4. When the IWC was
low (e.g. lower than field capacity), a plateau of runoff occurred (Figure 6). Consequently, it was not
possible to close the event’s mass balance, which might slightly alter some indicators. The five artifi-
cial events (Table 1 and Table A3) chosen to study the influence of the hyetograph shape on the runoff
hydrograph were plotted and compared (Figure 6). Tables A3 and A4 show the roof initial condition,
which is represented by starting outflow and starting relative water content (soil moisture), both of
which were found to be important for the performance of the roof. As the peak runoff rose, the
roof performance deteriorated with respect to the peak attenuation, T50, centroid delay, and peak
delay. The performance of each artificial rain cannot be compared directly without considering
these initial conditions.

The green roof was tested using different hyetographs (Figure 6). Absolute values of runoff
increased in proportion with increasing IWC. Similarly, a dependency between the initial runoff
and peak runoff was found. Running different hyetographs enabled the identification of the sensitivity
of the roof. As shown in Figure 6, the position of the peak at the end (TRO 2b) of the rainfall had a
large impact on the green roof performance. Following TRO 2b, the green roof generated higher and
steeper peak outflows than following TRO2 a, c, d or e. Regarding event flow duration, one can easily
read the duration of runoff above a threshold and compare this with the hyetograph. For example,
only hyetographs peaking in the middle (TRO 2c) and at the end (TRO 2b) generated runoff from
the roof that was greater than 1 mm/min.

There are four observable parts in each runoff hyetograph (illustrated with shaded area on
Figure 6):

« the start, a transient state influenced by rainfall (a sudden change of the runoff’s gradient);
« the increase, a steady state of the gradient influenced by rainfall;
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Figure 6 | Comparison of event flow duration for several artificial rainfalls and runoffs for the green roof after 16:00-min blocks
with 1.0 mm/min intensity. Mean rainfall depth = 15.9 mm and std = 0.5 mm for all 35 runs.

« the end, a transient state after rainfall stopped that is linked to the dynamic water distribution in
both the roof and peak delay (a drop of the gradient);
« the drainage, a steady state of the gradient not influenced by rainfall.

The gradient of the runoff changed smoothly under constant rainfall or without rainfall. Between
two stable stages, the gradient changed abruptly: it is the transient stage. The duration of the transition
was influenced by the size of the roof and the IWC.

The three indicators selected to assess the effect of the hyetographs are shown in Figure 7. Similarly
to previous research (Villarreal & Bengtsson 2005; Li & Babcock 2014; Locatelli ef al. 2014), there
was a relationship between IWC and peak runoff. Given the same IWC, having the peak at the end
(TRO 2b) or in the middle of the rainfall (TRO 2c) event caused higher peak runoff. However, the
relationship between the peak runoff and peak relative WC was not notably influenced by the hyeto-
graph. The same conclusion may be drawn by analysing centroid delay in comparison with the IWC.
Centroid delay, representing the delay between the centres of mass of rainfall and runoff, was not sen-
sitive to the shape of the hyetographs.
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Figure 7 | Observed peak runoff versus IWC and peak relative WC, and centroid delay versus IWC for different hyetographs.

Sensitivity to the rainfall duration and intensity

It was concluded from the second step that the IWC had a stronger influence on performance than the
shape of short-term rainfall. Therefore, in order to investigate the roof sensitivity to the rainfall inten-
sity and duration, constant intensity events were studied. Events were chosen based on the 20-year RP
IDF curves to ensure realistic values and facilitate a comparison between rainfall events. It should be
noted that both future 20-year RP events for Oslo were larger or equal to 200-year RP events under
current conditions in Trondheim and Bergen. The roof provided a peak attenuation higher than
93% with the exception of OSL 2. It strengthened the roof’s resilience and the capacity to handle a
short duration 20-year return period rain in a future climate.

The events corresponding to the Oslo curve generally generated higher runoffs with respect to IWC
than events from Bergen and Trondheim (Figure 8). High IWC caused the peak runoff to be close to
the peak rainfall. However, when specifically considering the low IWC, the roof was more sensitive to
longer rainfalls with lower intensity (e.g. worse performance under OSL 2 than under OSL 1 with
IWC lower than field capacity). The roof with a high starting IWC was more vulnerable to shorter
events with higher intensity (e.g. worse performance under OSL 1 than under OSL 2 with IWC
higher than 30 mm). Although the same analysis could have been done with OSL 2 and BER 1, or
BER 1 and BER 2, the shift appeared with a higher WC (50 mm). Consequently, the roof is sensitive
to different short-duration rainfalls depending on its initial condition. Thus, in addition to the DDF
curves, the design should be location specific, and based on different events depending on a range
of IWC.

Comparing the last artificial rains for TRO 1 and TRO 2 with 50 mm WC, it is noticeable that the
peak runoffs were very similar (Table A4, Figure 8). However, the peak attenuation remained very
different, showing 50% for TRO 1 and 17% for TRO 2. Moreover, similar observations could be
done for TRO 2 and TRO 2 ab ¢ d (Table A3). For TRO 2 and TRO 2 a b c d that had the same rainfall
depth, but different hyetographs; comparable peak runoffs were found, but the attenuation remained
different. Thus, even though peak reduction is a popular performance indicator, it should be pre-
sented carefully.
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Figure 8 | Comparison between peak runoff, peak attenuation and centroid delay for different locations, including the 1.4 CF.

Peak runoff against peak relative WC followed an exponential tendency independent of the type of
artificial rain. However, a scattering of peak runoffs was observed with a high peak of relative WC
(over 45 mm, with ponding in the middle of the roof), which could be explained by the dynamic
spatial distribution of water within the roof. This scattering effect is governed by the mean intensity
of previous intervals (i.e. considering previous artificial rain and dry periods). If the roof had not
been saturated, a high mean intensity prior to an artificial rain led to a more curved distribution of
water within the roof, i.e. to a higher peak runoff than the other events having the same peak relative
WC. OSL 2 was the event with the most significant rainfall depth, and thus, it also had the longest
inter-event period. This led to smaller dynamic effect, resulting in a steady water distribution across
the roof. On the contrary, OSL 1 and BER 2, due to shorter inter-event durations (and to a pipe dis-
connection during one of the BER 2 tests), underwent more intense antecedent rainfall, which
explains why the scatter effect is more noticeable.

The centroid delay in contrast to initial relative WC may be separated into two domains. Having an
IWC lower than field capacity, the centroid delay was over 200 minutes. The centroid delays having
IWC at field capacity were independent of the rainfall intensity and duration. When the IWC
ascended from field capacity (of approximately 15 mm) to 55 mm, the centroid delay decreased by
an exponential decay from 200 min to between 5 and 10 minutes, which showed that even a nearly
saturated roof outperformed the black roof. Comparable results were found using the T50 delay,
which means that the hyetograph, intensity, and duration do not influence centroid delay or T50
delay, i.e. the performance only depends on the IWC.

Performance depending on location

Events linked to Oslo lead to worst performance as their characteristics are more intense than Trond-
heim or Bergen events. Nevertheless, the performance of the roof depends to a large extent on the
IWC. To assess the performance of the roof under a given location those aspects shall be considered.
The IWC depends on the climate, i.e. the number and succession of events and the temperature are
supposed to greatly influence those parameters. There are more warm days in Oslo than in Trondheim
or Bergen. Consequently, a higher Potential Evapotranspiration (PET) is expected in Oslo, even
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though limited in Nordic climates evapotranspiration is expected to influence the IWC. Moreover, the
PET is likely to rise with temperature increase (Hanssen-Bauer ef al. 2017). The number of rainy days
per year and annual precipitation were found for each location: Bergen (205 + 18 days, 2,715 +
450 mm), Oslo (122 + 15 days, 861 + 146 mm) and Trondheim (174 + 14 days, 1,191 + 184 mm)
according to the Norwegian Meteorological Institute (https://www.met.no/). This shows that initial
conditions are likely to change according to each location. This also means that it is necessary to
know the IWC conditions to assess future roof performance.

The worst performance of a short-term artificial rainfall (with <45 min for all the rainfalls) linked to
the DDF curves of Oslo does not mean that a higher peak is likely to occur in Oslo than in Bergen.
According to the number of days with rainfall, the IWC is expected to be higher in Bergen and Trond-
heim than in Oslo. However, defining a rainfall with a 6-hour antecedent dry weather period, the
initial relative WC could not be higher than 25 mm due to the roof’s characteristics (Figure 4). A
more realistic initial condition would be to consider one that is less than 20 mm. When initial con-
ditions are between field capacity and 20 mm of WC, the roof’s performance would be slightly
worse in Oslo than in Bergen for short-term rainfalls. It appeared that OSL 2 (0.25 mm/min peak
runoff), with initial conditions lower than field capacity, led to worse performance than TRO 1, 2,
3, and 4 with 20 mm of IWC (less than 0.15 mm/min peak runoff). Nonetheless, it did not perform
significantly worse than BER 1 and 2 with 20 mm of IWC. In this case, the peak runoff would
depend more on the characteristics of the hyetograph than on the location. The centroid delay
does not depend on the hyetograph and is likely to be higher in Oslo (more than 200 min) with
lower initial conditions than in Bergen (between 200 and 100 min). Nevertheless, these expectations
only consider short-term rainfalls up to 45 min. Understandably, 20-year return period events are
likely to be more intense in Bergen than in Oslo, having a duration over 140 minutes. This study
does not reach a conclusion about long duration rainfalls, which occur more often in Bergen and
Trondheim than in Oslo. The hyetograph was not significant in comparison to the IWC with short-
term rain. Nevertheless, it would affect a long duration rain.

CONCLUSION

In this study, a method to test extreme precipitation on a full-scale detention-based green roof consist-
ing of sedum mats underlaid with expanded clay was developed using an artificial rainfall simulator.
Rainfall events with 20-year return periods, including a climatic factor of 1.4, were derived from DDF
curves for three different cities: Bergen, Oslo, and Trondheim, and tested at the field station in Trond-
heim. This multistep method that compares different variables depending on the previous steps was
found relevant to analyse the global performance of the roof.

The assessment of the hydrological performance showed that retrofitting the black roof as a green
roof increased the performance significantly. Furthermore, the roof was found to be sensitive to water
content strengthened by long drainage and time of concentration. The study also strengthened the
understanding of dynamic phenomena governing the flow within the roof and the limitations that
are linked to the use of artificial rainfalls. The use of various short-term hyetographs led to different
roof performance. It was found that the hyetographs with a peak at the end caused the worst perform-
ance, and that the initial water content had a greater influence on the performance than the shape of
the hyetograph. Considering water content as a main variable, an indicator such as centroid delay that
depends on the initial relative water content is suitable for characterizing the roof without depending
on the hyetograph. Indeed, the lower the initial water content was, the longer the detention was
observed.

With respect to the general performance of the roof and considering initial conditions according to
the location, it was possible to assess that the same roof would perform better in Trondheim than in
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Oslo. It was also found that rainfall in Bergen (BER 1 and 2, with a higher initial water content) and
Oslo (OSL 1 and 2, with lower initial water content) is likely to lead to similar peak runoff. Conse-
quently, initial conditions need to be taken into account for design purposes as a more favourable
hyetograph may be counterbalanced by a high initial water content. This study has highlighted the
relevance of using performance indicators as a function of input parameters instead of using a
single-value performance indicator and discussing commonly used indicators. Based on these results,
further study is needed to provide statistics to extend the results to longer lasting rainfalls and make
generalizations about locations using modelling.
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ARTICLE INFO ABSTRACT

Keywords: Rooftop retrofitting targets the largest land-use type available for reduction in impervious surfaces area in urban areas.
Green roofs Extensive green and grey roofs offer solution for retention and detention of stormwater in densely developed urban
Grey roofs areas. Among the available green roof types, the extensive green roof has become a popular selection and commonly

Storm water management model (SWMM)
Hydrological performance

Decision support

Urban snowmelt modelling

adopted choice. These solutions provide multiple benefits for stormwater and environmental management due to
stormwater retention and detention capacities. The Storm Water Management Model (SWMM) 5.1.012 with Low
Impact Development (LID) Controls was used to model the hydrological performance of a green and a grey (non-
vegetated detention roof based on extruded lightweight aggregates) roof (located in the coastal area of Trondheim,
Norway) by defining the physical parameters of individual layers in LID Control editor. High-resolution 1-min data
from a previously monitored green and grey roof were used for calibration. Six parameters within the individual LID
layers: soil (four parameters) and drainage mat (two parameters) were selected for calibration. After calibration, the
SWMM model simulated runoff with a Nash-Sutcliffe model efficiency (NSME) of 0.94 (green roof) and 0.78 (grey roof)
and a volume error of 3% for the green roof, and 10% for the grey roof. Validation of the calibrated model indicates
good fit between observed and simulated runoff with a NSME of 0.88 (green roof) and 0.81 (grey roof) and with
volume errors of 29% (green roof) and 11% (grey roof). Concerning the snowmelt modelling, the calibrated model
showed a NSME of 0.56 (green roof) and 0.37 (grey roof) through the winter period. However, regarding volume errors,
additional model development for winter conditions is needed; 30% (green roof) and 11% (grey roof). Optimal
parameter sets were proposed within both the green and grey configurations. The results from calibration and espe-
cially validation indicated that SWMM could be used to simulate the performance of different rooftop solutions. The
study provides insight for urban planners of how to target and focus the implementation of rooftop solutions as
stormwater measures.

1. Introduction source while providing retention and runoff detention in already urba-
nized areas (Cipolla et al., 2016).

The combined effect of urban growth and climate change is altering

the hydrological balance in developed urban areas (Gill et al., 2007;
Leopold, 1968; Semadeni-Davies et al., 2008). They is also an increase
public awareness of the impact of stormwater on flash flood occurrence
and water quality in receiving water bodies (Jia et al., 2015). Generally,
rooftops remain unused, even though they cover a large part of the im-
pervious surfaces. Rooftop retrofitting, using either vegetated (Stovin
et al., 2012) or non-vegetated (in this paper: “grey” detention roof based
on extruded lightweight aggregates, which profits from its filter media
while attenuating stormwater runoff) (Hamouz et al., 2018) solutions,
has shown multiple benefits in terms of hydrology, building physics,
biodiversity, and usage as living areas (allowing for working and/or re-
creational purposes) (Ahiablame and Shakya, 2016; Berndtsson, 2010).
The rooftop retrofitting offers a method to manage stormwater at the

" Corresponding author.
E-mail address: vladimir.hamouz@ntnu.no (V. Hamouz).
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1.1. Urban green roof runoff modelling

A large part of the research has been conducted as monitoring studies to
understand the hydrological performance of green roofs. However, it remains
challenging to predict the hydrological performance in general, as each per-
formance reflect a specific type of green roof and its location. There has been
several attempts to simulate green roof runoffs on an individual roof scale
(Carson et al., 2013; Hilten et al., 2008; Johannessen et al., 2019; Kasmin
et al., 2010; Krebs et al., 2016; Locatelli et al., 2014; Metselaar, 2012; Stovin
et al., 2012; Villarreal, 2007) or a catchment scale (Ashbolt et al., 2013; Carter
and Jackson, 2007; Krebs et al., 2013, 2014; Palla and Gnecco, 2015; Rosa
et al., 2015; Warsta et al., 2017). These models can either be categorized as
data-based, where runoff is calculated as an empirical function of rainfall or
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process-based methods, where the flow is calculated from the green roof
water balance (Carson et al., 2017; Li and Babcock, 2014; Stovin et al., 2013).
Urban hydrology is a complex system, where a model has to account for an
array of possible physical processes: surface runoff, infiltration, groundwater,
snowmelt, flow routing, surface ponding, and water quality routing. Green
roof systems, which calculate the runoff by solving the water balance equa-
tion, account for precipitation, irrigation, storage and evapotranspiration
processes (Rossman, 2015). Even though the green roofs might be a quite
simple system consisting of several layers, all the processes within each layer
must be controlled dynamically. Based on these considerations, the physically
based SWMM model has been considered the best choice for further work as it
includes all previously mentioned processes as well as snowmelt simulation
(Elliott and Trowsdale, 2007; Moghadas et al., 2016).

1.2. Urban snowmelt modelling

Snowmelt and rain-on-snow events in urban areas in the coastal Nordic
regions are complex processes. Frontal systems drive low pressure systems as
they hit the coast. The path and precipitation intensities are often difficult to
accurately predict, resulting in a rapidly changing weather pattern. The winter
season often brings heavy snowfall followed by rainfall events, which results
in flood risk in urban areas due to mixing of rainfall and snowmelt for these
rain-on-snow events, (Moghadas et al., 2017). Moreover, in coastal regions
such as Trondheim, continuous changing in freezing and thawing periods can
create an intermittent impermeable cover in cold and wet areas (e.g., the coast
of Norway) (Matheussen, 2004; Paus et al., 2016). Furthermore, the snow-
pack distribution is influenced by meteorological variables (temperature,
precipitation, wind, radiation), spatial disposition (topography, vegetation,
insulation conditions, albedo) and anthropogenic activities ((Beven, 2011;
Forland et al., 1996; Matheussen and Thorolfsson, 2004; Moghadas et al.,
2016; Semadeni-Davies, 2000), among others)). This adds challenges to the
urban snowmelt modelling as snow characteristics (e.g., snow density, albedo,
grain size porosity, solar energy absorption) in urban areas vary substantially
from rural areas (Bengtsson and Westerstrom, 1992; Gray and Male, 1981;
Semadeni-Davies, 2000; Sundin et al., 1999).

There is a knowledge gap in the hydrological performance of the
different solutions under variable climates and geographical locations,
especially on a large scale, rather than a small pilot test. Applying
modelling software in combination with observed data offers a tool to
simulate expected hydrological performance under various current and
future climate conditions (Peng and Stovin, 2017). Therefore, a more
generic approach has been adopted in order to model green and grey roof
hydrological performance on-site. In this study, the Storm Water Man-
agement Model (SWMM) including the LID module for green roofs has
been applied for simulating runoff from the aforementioned green and
grey roof located in the coastal area of Trondheim, Norway.

The literature review has revealed that there have been several attempts
to model retention performance of small-scale green roofs using the SWMM
model. However, there is still a lack of knowledge with respect to modelling of
detention performance of green roofs. This moreover applies to a very new
concept of grey detention roofs which has shown promising results especially
for stormwater detention and it ought to be mentioned that in this study the
green and grey roof has been tested in the full-scale size (i.e., area of a family
house with 100m?). Another major gap within the SWMM model is the
transferability of initial parameters representing runoff characteristics
(Johannessen et al., 2019). This study revealed the importance of calibration
against local meteorological data.

Several urban snowmelt models have been developed; however, a chal-
lenging part in snowmelt modelling remains in terms of finding an optimal
level of complexity. This is because more sophisticated models do not ne-
cessarily provide better results in a diverse urban environment due to the lack
of available data (Moghadas et al., 2016). The previous attempts to model
snowmelt in urban areas were performed on a catchment scale (Ho and Valeo,
2005; Moghadas et al., 2017; Semadeni-Davies, 1997, 2000). However, one of
the main issues linked to snowmelt modelling is caused by snow redistribution
in an urban environment as aforementioned reported. In this study, the focus
is given to rooftops only, where human-made snow redistribution is not

Journal of Environmental Management 249 (2019) 109350

expected. This might facilitate snowmelt simulation from a single green or
grey rooftop.
The research questions that this study aims to answer are:

—

. What is the performance of the SWMM model after calibration for
long-term continuous simulations’ in terms of the Nash-Sutcliffe
model efficiency and volume error of green and grey roofs in coastal
regions during warm” period?

2. Does the model calibration provide an optimal parameter set, which
will satisfy both the objective functions; the Nash-Sutcliffe model ef-
ficiency and volume error?

3. Is the SWMM model able to accurately simulate snowmelt and rain-

on-snow events from a green and grey roof in coastal regions during

cold” period?

2. Materials and methods
2.1. Characteristics of the green and grey roof

A full-scale field setup was built (approximately 10 m above ground and
50 m.a.s.l.) in order to study the hydrological performance of three different
roof configurations at Hgvringen in Trondheim, Norway (63°26'47.5” N
10°20"11.0” E). A conventional (black) roof with bituminous waterproofing
served as a reference to the green and grey roof. The dimensions of each roof
were 8 X 11 m, with a longitudinal slope of 2%. Thus, 88 m* served for
green/grey roof retrofitting within each field, but an additional 12 m? were
accounted for runoff contribution from impervious surroundings. The struc-
tural composition of the grey roof was made up of an underlying protection
layer, a 200 mm thick layer of lightweight extruded clay aggregates (LWA)
and covered with concrete pavers (200 X 200 X 70 mm). The green roof
consisted of an underlying protection layer, a 25 mm plastic drainage layer
(egg box), a 10 mm retention mat and a 30 mm pre-grown reinforced extensive
Sedum mat (Fig. 1). Based on (FLL, 2008), the maximum water holding ca-
pacity (MWHC) was estimated having 52.8 mm for the grey roof and 20.6 mm
for the green roof (theoretical values®). A more detailed description of the
grey roof setup can be found in the previous study (Hamouz et al., 2018).

2.2. Input data

The data was collected at the field station within the period from
May 2017 to April 2018. Precipitation was measured by a heated
tipping bucket rain gauge (Lambrecht meteo GmbH 1518 H3,
Lambrecht meteo GmbH, Goéttingen, Germany) with a resolution of
0.1 mmat 1-min intervals and with accuracy * 2%. Runoff was
measured using a weight-based system (accuracy class C3 according
to OIML R60) with two tanks downstream of the drainage outlets. The
collection tanks were automatically emptied every 30 min, and when
the collected water reached the capacity of the tank. All the data were
recorded at 1-min intervals with a CR 1000 data logger (Campbell
Scientific, Inc.). Air temperature was registered using a thermosensor
(Vaisala HMP155A  Temperature and Humidity with
accuracy = 0.03°C), and wind speed using an ultrasonic anem-
ometer (Lufft VENTUS Ultrasonic anemometer, 240W heater with an
accuracy = 2%). Actual evapotranspiration was estimated as the
water loss from direct measurements of precipitation and runoff. Soil
moisture sensors were not available during the model calibration

! Long-term continuous simulation means simulation through several months,
including several events in this paper.

2 period without snow and negative temperatures.

3 period with snow and temperatures that can influence runoff (<0 °C).

“The values of MWHC are, however, very theoretical since the method as-
sumes a comparison between a wet and oven-dry sample, which is not possible
to achieve in the field conditions. At the same time, the methodology assumes
dripping away over 2h following total immersion for 24 h where the dripping
period is questionable for such detention materials used in the green/grey roof
build-up.
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Drainage layer (25 mm)
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Existing roof structure
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Fig. 1. Grey (left) and green (right) rooftop configurations in a cross-section. (For interpretation of the references to colour in this figure legend, the reader is referred

to the Web version of this article.)

process. Therefore, the initial moisture was estimated, and the first
rainfall event was used as a warm-up period.

2.3. Model application and parameters estimation

The Storm Water Management Model (SWMM) 5.1.012, including the
Low Impact Development (LID) Controls module specifically designed for
modelling SUDS (Sustainable Urban Drainage Systems) structures, was used
for long-term and short-term simulation of runoff quantity using the rainfall/
runoff process with 1-min reporting time step. The green and the grey roofs
were modelled as a subcatchment in SWMM, where the rooftop occupied 88%
of the subcatchment, and the remaining 12% by impervious area. This im-
pervious area is covered by a standard asphalt roofing, same as used for the
reference roof. For this layer, the Manning's surface roughness was set to
0.015 and the depression storage to 0.01 mm. Simultaneously, the impervious
area was routed to the LID module. The LID module consists of three layers
(surface, soil and drainage mat). Only parameters included in the soil and
drainage layers were selected for calibration (Table 1), as the surface layer is
assumed not to contribute to the retention or detention performance in the
LID module due to the high infiltration capacity. Within the soil layer the
porosity (indicating potential space within soil layer for storing stormwater),
field capacity (indicating the amount of water in the soil layer after free water

Table 1

drainage), conductivity (indicating the velocity, which the water can flow
through a porous medium), conductivity slope (indicating the slope of the
curve of log (conductivity) vs. soil moisture content) were calibrated, in ad-
dition, two parameters within the drainage mat; the void fraction (indicating
the ratio of void volume to total volume in the mat) and roughness (used to
compute the lateral flow rate of drained water through the mat). The initial
green and grey roof parameters as well as lower and upper bound used during
the calibration were estimated from field measurements, literature (Carson
et al., 2017; Krebs et al., 2016; Peng and Stovin, 2017; Rosa et al., 2015), or
defaults (Rossman and Huber, 2016a, 2016b). The thickness of the substrate
layer of the grey roof, which is 200 mm, was used in the LID module for both
the soil layer as well as a part within the drainage mat layer. The estimation of
the drainage mat thickness, which could represent the flow through the
lightweight aggregate was set to 5% of the whole thickness, thus 10 mm. This
was estimated based on the high infiltration capacity of the lightweight ag-
gregate where saturated hydraulic conductivity was experimentally de-
termined in the laboratory to be 1432 mm/h. The Green-Ampt and the curve
number infiltration method were used for the green roof and the grey roof,
respectively. The kinematic wave routing method, which solves the continuity
equation with a simplified form of the momentum equation, was applied for
overland flow calculations (Rossman and Huber, 2016a, 2016b).

LID Green roof control editor and its parameters with initial values and lower and upper bounds.

Control name Green roof Grey roof Data source
Parameter Initial value Range Initial value Range

SURFACE

Berm Height (mm) 500 - 500 - a

Vegetation Volume Fraction 0.1 - 0 - b

Surface Roughness (Manning's n) 0.05 - 0.015 - c

Surface Slope (%) 2 - 2 - a

SOIL

Thickness (mm) 30 - 200 - a

Porosity (volume fraction) 0.5 0.45-0.60 0.6 0.45-0.65 b,c,d, e f
Field Capacity (volume fraction) 0.3 0.20-0.45 0.1 0.02-0.2 b,c,d, e f
Wilting Point (volume fraction) 0.05 - 0.01 - b,c,d e f, g
Conductivity (mm/hr) 25 10-1000 1432 500-3000 b,c,d, e f
Conductivity Slope 15 5-60 10 5-60 b,c,d, e h
Suction Head (mm) 110 - 10 - b, ¢, d,
DRAINAGE MAT

Thickness (mm) 10 - 10 - a

Void Fraction 0.5 0.01-1 0.5 0.01-1 b
Roughness (Manning's n) 0.1 0.01-0.4 0.1 0.01-0.4 b

Site specific a Laboratory analysis e
Rossman (2015) b FLL (2008) f
Rossman and Huber (2016a) c Rosa et al. (2015) g
Rossman and Huber (2016b) d Palla and Gnecco (2015) h

* parameters for calibration.
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Fig. 2. Comparison of observed and simulated runoff from the green (left) and grey (right) roof. Five events that occurred during the calibration period were chosen,
namely C1, C2, C3, C4, and C5 (Table 2). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Calibrated time-series rainfall, observed runoff, and simulated runoff for the largest event registered between 19th and 22nd of August 2017.

2.4. Model performance

Two objective functions were applied to evaluate the model performance.
The model accuracy was quantitatively assessed with the Nash-Sutcliffe model
efficiency (NSME) (eq. (1)) (Nash and Sutcliffe, 1970), which aims to evaluate
the peak performance. Regarding water balance evaluation, the volume error
(VE) (eq. (2)) was used to calculate discrepancies between observed and si-
mulated (modelled) runoff.

21 Quasi — Qsim)”

NSME =1 - 2L LA
201 (Qobs,i — Qobs) [€D]

V;)bs - Vsim *100
Vobs 2)

VE =
where Qops,i is the observed discharge and Qgim,; is the modelled discharge,
Qobs,i is the mean of observed discharge, and Vyps and Vg, are the observed
and simulated runoff volumes, respectively. The measured precipitation and
outflow were used to evaluate how well the model matched this outflow using
the NSME ranging from — e to 1. The NSME was used as an objective
function in order to find the optimal parameter set, and to measure the
goodness of fit. In general, the closer the model efficiency is to 1, the more
accurate the model can predict the performance of green roofs, whilst an
NSME greater than 0.5 indicates acceptable model performance (Rosa et al.,
2015). The final parameters were achieved by applying the Shuffle Complex
Evolution (SCE) algorithm (Duan et al., 1992). The SCE method is based on
four concepts that aims for efficient global optimization. The calibration
process was based on random sampling from a predefined variable range
where each parameter had lower and upper bound delineated. The SCE al-
gorithm uses an initial guess to generate a sequence of improving approximate
solutions in order to reach the highest NSME; where the n-th approximation
was derived from the previous ones. The termination criteria of the calibration
process were based on the principle of convergence (objective function sta-
bilizes) (Duan et al., 1992).

2.5. Model calibration and validation

A long-term continuous calibration was chosen in order to prevent
eventual validation issues while comparing events with different character-
istics. Data between 11th of May and 31st of July served for the model ca-
libration. The calibration period included five larger events; while six events
were used for model validation (Table 2). The model was evaluated by the
NSME and VE in both the calibration and validation period using a long-term
continuous dataset as well as an event-based dataset.

2.6. Snowmelt modelling

The model, which was calibrated against long-term continuous ob-
served flows generated from rain events only, was applied for a period
between November 2017 and April 2018 in order to identify the essential
parameters for the snowmelt processes. Time series with hourly tem-
perature and wind speed were used to distinguish between liquid and
solid precipitation as well as recognise snowmelt generation. The SWMM
model employs either the degree-day method or a simplified energy
budget method (Anderson, 1968; Rossman and Huber, 2016a). The de-
gree-day method was used for all snow events except rain-on-snow events
to compute the melt rate for any particular day (eq. (3)). Minimum and
maximum snowmelt coefficients are used to estimate a melt coefficient
that varies by day of the year (Rossman and Huber, 2016a). The re-
lationship between snowmelt and air temperature can be expressed as:

SM = Cu*(Ta — Tp) , 3)

where SM is the snowmelt generated (mm/day), Cyis the melt coefficient
(mm/°C/day), T, is the index air temperature in °C (used the mean daily
temperature according to the observation from the field station), and Ty
is the base temperature in °C (used 0°C according to (Rossman and
Huber, 2016a)). Minimum (Cypmin = 0.01 mm/h/°C) and maximum
(Cvmax = 0.123 mm/h/°C) melt coefficients were derived from observed
snowmelts. Other parameters were kept default; Dividing Temperature
Between Snow and Rain (DT = 0°C), Antecedent Temperature Index
(ATI = 0.5), Negative Melt Ratio (NMR = 0.6), Fraction Free Water
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Capacity (FFWC = 0.1) (Rossman and Huber, 2016a). The simplified
energy budget (heat budget) method is applied during rain-on-snow
events where the energy is supplied by sensible heat (from the air) and
advective heat (from rain). Other forms of energy, as well as albedo and
snow age, are neglected. Within this method, snowmelt increases with
increasing air temperature, wind speed and rainfall intensity (used data
from the field station). In this study, the human-made snow redistribution
did not occur, therefore, to avoid any snow redistribution the depth, at
which snow removal begins, was set to 1000 mm.

3. Results and Discussion

The main intention of this chapter is to present result from the model
calibration and validation of the green/grey roof, evaluate six parameters
which were calibrated as well as test the calibrated model during the cold
period. However, data from monitoring including several rooftop man-
agement aspects (retention and detention) can be also derived from
Table 2 where comparison of peak runoffs and volume generation from
individual rooftops can be seen.

3.1. Calibrated long-term continuous simulation

Long-term continuous simulations using initial uncalibrated parameter
sets indicated agreement between observed and simulated runoff from the
green roof with the NSME equaled to 0.5. The same did not apply for the
simulated runoff from the grey roof with the NSME equaled to - 2.87 where
calibration was required.

Six parameters within two LID layers (namely the soil and the drainage
mat) were calibrated. Their values prior and after calibration are presented in
Table 1. Within the green roof, the overland flow does not usually occur due
to high infiltration capacity of the soil where ponding is not allowed.
Therefore, the parameters associated with the surface layer were excluded
from the calibration process. Some of the parameters (berm height, surface
slope, thickness) were kept fixed to preserve the physical description of the
field setup as well as avoid overparameterization. Substantial improvement of
model performance was achieved after the calibration of both the green and
grey roof parameters. The NSME calculated from observed and simulated
runoff from the green roof improved from 0.50 to 0.94, of the grey roof im-
proved from insufficient —2.87 to 0.78. It should be noted that the NSME
values include inter-events periods (periods without rain) since the increased
detention effect (led to higher baseflow) made it challenging to distinguish
when runoff stopped.

Long-term continuous model simulation and comparison of the observed
and simulated runoff from the green and the grey roof following calibration is
shown in Appendix in Figs. A7, A9 and A10. These figures show a better fit
within the calibration period of the green roof which can be visually seen in
data spread of observed versus simulated runoff or mathematically when
expressed with the lowest value of norm of residuals (and mean squared error
MSE, coefficient of determination R? and correlation coefficient). The model
simulated lower volumes (flow rates) than observed in most of the cases

Table 3
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which is also shown by slope and intercept of the regression line. Visually, the
models simulated the runoffs fairly well. The simulated runoff from both the
green and grey roof tended to underestimate the observed peak flow re-
sponses to rainfalls with the highest intensity. At the same time, the model
had difficulties in simulating the tails of grey roof runoff more than in the
green roof. The simulated cumulative runoffs (total volumes) were close to the
observed data.

In comparison, the volume errors between the simulated and observed
runoff from the grey roof counted 10% and from the green roof counted
3%. Firstly, the volume errors were caused by inaccurately estimated
seasonal evapotranspiration rates, which occur during dry periods and
cause regeneration of the storage capacity of the roof. Secondly, the vo-
lume errors were caused by inaccurate model simulations of runoffs. It was
noted that actual ET rates decay with time during the dry period but the
SWMM model assumes a fixed ET rates (Peng and Stovin, 2017). Thirdly,
the model runoff outputs had coarser resolution than the observed runoff
which made the volume comparison more challenging.

Five events were chosen to evaluate the model performance in term of
event-based simulation during the calibration period (Fig. 2). One can see the
difficulties with the simulation and the underestimation of the runoff tails in
the grey roof (Fig. 4). This leads to that the ability of the model to simulate
runoff detention is partly limited. Thus, the equations describing the detention
processes as well as the detention parameters, namely porosity, soil con-
ductivity, soil conductivity slope and soil suction head within soil layer and
the parameters within the drainage mat serving to the estimation of the
baseflow, should be further investigated in order to improve runoff pro-
longation.

3.2. Validation

In order to assess model performance for the non-calibration period,
the calibrated green and grey roof models were tested in terms of the
NSME and VE through a part of the summer and whole autumn (may be
seen in Appendix in Figs. A8, A1l and A12). During this study, only one
event with a 2-year return period was registered via rain gauge at
Hgvringen, Trondheim in August 2017 (Fig. 3). However, several larger
events were also used to validate the model performance as well as a
long-term continuous dataset with a high resolution of 1-min.

Six events were chosen to evaluate the model performance in term of
event-based simulation during the validation period (Fig. 4). Events V2
and V6 offered interesting results reaching the NSME of 0.8 and higher
for both roofs, and the volume error fell into reasonable limits as well.
Both events lasted several days, and relatively large volumes were re-
gistered, and one can conclude that such events are of interest due to the
fact that the SWMM model showed its ability to reproduce registered
runoffs and that the roofs were able to reduce the maximal flow (Table 2).
. The green roof runoff was simulated reasonably well except for one
event in September during the validation period (Fig. 4), which followed
an almost one-week dry period, which intensely dried the roof storage
capacity. This was, however, captured with the model of the grey roof,

Six calibrated model parameters of the green and grey roof and their statistics after selecting NSME higher than 0.7.

Statistics/parameter Porosity Field Capacity Conductivity Conductivity Slope Void Fraction Manning's n
GREEN (NSME > 0.7)
Initial value 0.500 0.300 25 15.0 0.500 0.100
Median 0.568 0.269 11 31.4 0.019 0.022
Mean 0.567 0.270 86 32.7 0.060 0.050
Standard deviation 0.015 0.019 159 4.5 0.112 0.072
Optimal value 0.559 0.267 11.1 31.5 0.016 0.010
GREY (NSME > 0.7)
Initial value 0.600 0.010 1432 10.0 0.500 0.100
Median 0.450 0.095 2973 27.7 0.663 0.205
Mean 0.452 0.094 2881 27.4 0.667 0.183
Standard deviation 0.005 0.006 218 0.8 0.016 0.045
Optimal value 0.450 0.095 2975 27.7 0.663 0.205
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Fig. 4. Comparison of observed and simulated runoff from the green (left) and grey (right) roof. Six events that occurred during the validation period were chosen,
namely V1, V2, V3, V4, V5, and V6 (Table 2). It should be noted that the model output is on much coarser resolution than the observed runoff. (For interpretation of

Journal of Environmental Management 249 (2019) 109350

Green roof runoff Grey roof runoff
006 0035
observed
simulated
08 003
0025
004 I
z | 7 002
= =)
003
H 3
2 | 2 o015
.
o ‘/M oo1 |
' I
\ \l
001 b‘\ \\‘ | 0005 I !
U . j -
. P — i o~
Aug 16 Aug 17 Aug 18 Aug 16 Aug 17 Aug 18
date 2017 date 2017
Green roof runoff Grey roof runoff
05 012 7
045 il
04 \
04 ‘ ‘ ‘\
|
035 )
008 ‘],\]i ‘l \
7% . ) f ‘ |l i
2025 S 006 J |
H & v Il
02 N I} }
004
015 | \
| —
01 ,V | | \
Mg 002 | X
005 k i I IJ‘I
"\ { I
ol N = ol =
Aug 20 Aug 21 Aug 22 Aug 20 Aug 21 Aug 22
date 2017 date 2017
Green roof runoff Grey roof runoff
004 0.025
0035 |
| 002
003 |
o0z _oots
@ z
= =
3 o0 :
& &
0015 o0
001 |
0.005 (
0005 Uy “\
0 0
Aug20,0000  Aug29,1200  Aug30,0000  Aug30, 1200 Aug20,0000  Aug29,1200  Aug30,0000  Aug30, 1200
date 2017 date 2017
0025 Green roof runoff 0015 Grey roof runoff
002
001
0015 -
7
3 5
z g /
& 2 /
001 | "
0.005 /
‘\/\ /’
0005 I \ .
el T ——
M
\ B
[ 0
Sep 13, 00:00 Sep 13, 1200 Sep 14,0000 Sep 14, 12:00 Sep 13, 00:00 Sep 13, 1200 Sep 14, 00:00 Sep 14, 1200
date 2017 date 2017
012 Green roof runoff 004 Grey roof runoff
0.035
01
003
008
0025
z z
= =
006 T 002
& &
| 0015
004
l 001 b / \
002 1 { d ! ‘
]‘v 0005 \ |
TN [\ |
IR | 1 S
0Oct06 Oct07 Oct08 Oct09 Oct 10 0Oct06 octo7 Oct08 0ct09 Oct 10
date 2017 date 2017

the references to colour in this figure legend, the reader is referred to the Web version of this article.)

10



V. Hamouz and T.M. Muthanna

Green roof runoff

018
‘ observed
018 simulated
0.14 ‘
042
Z o1 )
= |
&oos r
I I
006 “‘ ’
i I Lt
002 \4 ,‘J Jr‘ll i
g A
NI i S T
Oct26 Oct27 Oct28 Oct29 Oct30 Oct31 Nov 01 Nov 02 Nov 03 Nov 04
date 2017
Fig. 4.

which generally showed a poorer fit to peak runoffs.

Overall evaluation of the model performance is presented in Table 2. One
can see that the green roof model performance deteriorated regarding the
NSME from 0.94 to 0.88 and VE from 3% to 29% during validation within the
long-term continuous datasets while the grey roof model experienced im-
provement in terms of the NSME from 0.78 to 0.81.

3.3. Parameter evaluation

During the calibration process, nearly 2300 iterations were carried
out within the green roof and nearly 2700 for the grey roof. Each para-
meter was plotted using a 3D histogram in order to see a representation of
the distribution of a sample achieved during calibration (Figs. A13 and
Al4). The optimal value of each parameter is corresponding to the
highest column of each graph. One can see the lower and upper bound of
the individual parameters as well as a pattern in the histograms, which
tended to be skewed to one side of the bound.

The randomly sampled numerical data of six calibrated parameters
were sorted based on the NSME where only values higher than 0.7 were
taken into consideration (Table 3). The table shows the initial value,
median, mean and optimal value of each parameter where the medians of
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most parameters are very close to optimal values. The optimal parameters
between the roofs show very different values. The standard deviation,
showing individual parameter dispersion of the grey roof parameters
achieved lower values in comparison with the green roof parameters,
except for conductivity. Thus, the conductivity of the grey roof experi-
enced the largest data point spread. Overview of distribution of each the
parameter vs. the NSME from the calibration and the low data spread of
the parameters can be visually detected from Figs. A13 and Al4. How-
ever, having a low standard deviation of a parameter shows that the
model might be sensitive to this parameter.

Four parameters within the soil layer were calibrated (Table 3). The
calibrated porosity (P) of 0.559 (green) and 0.45 (grey) was comparable
with suggested values from the SWMM manual (Rossman and Huber,
2016a) (P = 0.4-0.5). Similarly, Krebs et al. (2016) achieved P = 0.41
after calibration and concluded that porosity was the most sensitive
parameter. Other researchers decided to use the measured value of the
porosity and did not calibrate it (Peng and Stovin, 2017). The field ca-
pacity (FC)was obtained to be 0.267 (green) and 0.095 (grey) after ca-
libration. This is in line with the SWMM manual, which suggests field
capacity of various soils between 0.062 and 0.378, other research pre-
sented FC = 0.29 (Krebs et al., 2016). The calibrated conductivity (C)

Green roof parameters - 10% adjustment Grey roof parameters - 10% adjustment
veve veva ——
1 —
.3 v
VE_CAL _ VE_CAL E_'
3 -
v oL Nev_cnL e ———
ve ve ——
% e
v v e
o 0.1 0.2 03 0.4 0.5 0.6 0.7 08 0.9 1 0.1 o 01 02 03 04 05 0.6 0.7 08 0.9
W GN_Mn_10DOWN m GN_VF_10DOWN = GN_CS_10DOWN ®GN_C_10DOWN W GY_Mn_10DOWN m GY_VF_10DOWN m GY_CS_10DOWN  GY_C_10DOWN
HGN_FC_10DOWN MGN_P_10DOWN ®GN_Mn_10UP  GN_VF_10UP HGY_FC_10D0WN WGY_P_10DOWN HGY_Mn_10UP M GY_VF_10UP
GN_CS_10UP = GN_C_10UP = GN_FC_10UP WGN_P_10UP GY_CS_10UP GY_C_10UP W GY_FC_10UP WGY_P_10UP
Green roof parameters - 50% adjustment Grey roof parameters - 50% adjustment
VE_VAL E VE_VAL -__
— | —
—_— e ——
— o, e r——
je—
VE_CAL E VE_CAL -__
_ —
| = —
= O p—
— g
v = ve [——
—_— —
e e
. e N O E ——
—_— —_—

-3 25 -2 -1.5 -1 -0.5 o 05 1 2.5 2 -15 -1 -0.5 o 05 1
®GN_Mn_50DOWN  GN_VF_50DOWN ® GN_CS_S0DOWN ® GN_C_50DOWN = GY_Mn_50DOWN M GY_VF_50DOWN ® GY_CS_SODOWN ® GY_C_S0DOWN
®GN_FC_S0DOWN MGN_P_SODOWN ®GN_Mn_SOUP  ®GN_VF_50UP WGY_FC_S0DOWN mGY_P_SODOWN ®GY_Mn_S0UP  mGY_VF_SOUP

GN_CS_50UP GN_C_50UP = GN_FC_50UP ®GN_P_50UP GY_CS_50UP GY_C_50UP = GY_FC_50UP W GY_P_50UP

Fig. 5. Impact of parameters adjustment = 10% and + 50% to model performance (NSME and VE).
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reached 11 mm/h (green) and 2975 mm/h (grey). The SWMM manual
suggests soil conductivity values in the range 0.3-120 mm/h. This range
is applicable for the green roof as well as a recommendation from (Krebs
et al., 2016) (C = 37.9). The grey roof conductivity showed to be out of
the range, similarly as other research (Peng and Stovin, 2017)
C = 1000 mm/h. The calibrated conductivity slope (CS) reached 31.5
(green) 27.7 (grey) and was closest to the SWMM manual recommenda-
tion (CS = 30-60) as well as others (Krebs et al., 2016) (CS = 40) and
(Peng and Stovin, 2017) (CS = 50).

The parameters representing the drainage layer varied substantially be-
tween the green and grey roof. The void fraction (VF) was 0.016 (green)
0.663 (grey). This is slightly out of the typical values recommended by the
SWMM manual (VF = 0.2-0.4) but comparable to other research with
VF = 0.6 (Peng and Stovin, 2017). The Manning's n roughness (MR ended up

on 0.01 (green) 0.205 (grey) after the calibration. The green roof parameter
was comparable with the suggested values of 0.01-0.03 in the SWMM manual
and with others researches (Peng and Stovin, 2017) MR = 0.03 and (Krebs
et al., 2016) MR = 0.01. The grey roof served more like a detention solution
and the green roof as a retention solution. Therefore, the parameters re-
presenting runoff detention (conductivity, void fraction and Manning's
roughness) showed variation compared to the SWMM manual or other green
roof researches. The model consists of a large number of physical parameters
where some of the parameters might be determined from laboratory or field
measurements (e.g., porosity, conductivity). This is however questionable as
the SWMM model is unable to fully represent the green and grey roof struc-
ture design (e.g., lightweight aggregates representing both the soil layer and
drainage mat layer; and/or the plastic drainage layer (egg box) affecting re-
tention parameters) (Johannessen et al., 2019).
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The model sensitivity to parameters deviation ( + 10% and + 50% ad-
justment) was evaluated comparing the model performance including the
objective functions (NSME and VE) for different periods (calibration period,
validation period and whole period) in terms of the NSME and VE (Table 4
and Fig. 5). Additionally, several basic statistics (Pearson product moment
correlation coefficient, slope of the linear regression line with intersect the y-
axis and correlation coefficient between the observed and simulated data)
were supplied. A + 10% adjustment had little impact on the model perfor-
mance of the green roof whereas for the grey roof some variation in model
performance was observed. One can conclude that 10% increment of the field
capacity of the grey roof had a positive impact on the VE (—2.48%-1.21%)
whereas 10% increment of the porosity worsen the VE (38.31%-49.26%). The
green roof model was mainly sensitive to 50% decreasing of the porosity
which resulted in negative NSMEs (—1.251 — 2.546). However, in contrary
this adjustment resulted in improvement of the VE (0.01 %-14.32%). The
grey roof model was mainly sensitive to 50% decreasing of the porosity and
conductivity slope which resulted in negative NSMEs (—0.617 to —2.209 and
—0.561 - - 2.214). 50% increasing of the porosity resulted in large VEs
(42.48%-59.95%). A positive impact on the model performance was achieved
50% increasing of the conductivity which resulted in low VEs (2.8%4.82%)
and NSMEs (0.631-0.826) remained relatively high as well.

3.4. Snowmelt modelling

The SWMM model, which was calibrated over a rainfall period, was tested
during the winter period between November 2017 and April 2018. Within
this period solid precipitation, as well as temperatures (degrees Celsius) which
formed water into ice, were registered. Therefore, some of the winter pre-
cipitation did not directly contribute to the runoff but remained on the roofs
in the form of snow (Fig. 6). This was driven by a temperature equal to 1°C
below which precipitation falls as snow instead of rain. During the period, the
heated rain gauge alone registered 346 mm of precipitation which was con-
siderably lower than the cumulative precipitation registered from the re-
ference black roof 390 mm (both located at the field station). Therefore, the
total cumulative precipitation was corrected according to the reference black
roof assuming that the error is based on wind and snow drift.

The model was able to simulate snowmelt and rain-on-snow reasonably
well (Fig. 6). The observed volume equalled to 371 mm of the green roof
runoff and 384 mm of the grey roof runoff and the model simulated 259 mm
of the green roof and 340 mm of the grey roof. Regarding model evaluation,
the green roof runoff was simulated with the NSME of 0.56 and VE of 30%.
The grey roof runoff was simulated with the NSME of 0.37 and VE of 11%.
One can see that the model had difficulties in simulating remaining water in
the roof soil layers (substrate in the green roof, lightweight aggregate in the
grey roof), which was slowly released in the first half of April. Limitation in
terms of the snowmelt simulation was setting of the start and end of the cold
period which may affect control of water balance.

Modelling remarks:

The model was less accurate for short intense rainfall following a long
antecedent dry period. This shows that the model assumed that the storage
capacity of the green roof was regenerated and does not take into account
detention of the roof and/or climatic effect (condensation of atmospheric
vapor).

NSME improved within the grey roof from calibration to validation
from 0.78 to 0.81. Median and mean values of the observed flow used
during calibration were 0.0012 L/s (median) vs. 0.003 L/s (mean) and
during validation 0.006 L/s (median) vs. 0.0036L/s (mean). Thus,
there was double higher baseflow during calibration and slightly
peaky runoff during validation. This can mean that the wetter part of
the year performed better during the dryer part and reveal a question
of using the same part of the year for validation.

The calibrated SWMM models reproduced the observed runoffs suf-
ficiently, but the calibration revealed that there might be several
parameters sets which perform equally good. This makes the para-
meters valid only for the roof setups and climatic conditions of the
study site or potentially roofs that have the same components as the
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roofs tested with similar climatic conditions. The reason for skewness
in the parameters sets could be due to the optimization algorithm,
which instead of finding the global minimum, maybe found only local
minima. Sensitivity analysis of the tested parameters showed that the
porosity is most sensitive parameter for the green roof. In terms of the
grey roof, the porosity and conductivity slope were found to be the
most sensitive parameters (Table 4 and Fig. 5).

Limitation due to equifinality, which states the non-uniqueness of the
optimized parameter sets. The issue here is that similarly performing op-
timized parameter sets may not all be equivalent in terms of transferability
and sensitivity. This will also affect the distribution of parameters into
identifiable regional patterns; two similar models may have different op-
timized parameter sets. It is also likely that the optimized parameter sets
should be transferred in its entirety and not as individual parameters
Beven and Freer, 2001.

Limitation due to singularity: Information contained in the optimized
parameter set is specific to the modelled roof, and thus not transferable to
another roof model. This might be due to data error compensation (pre-
cipitation or/and runoff) as the precipitation measurements are affected
with the wind and intense rain undercatches. Another likely issue is the
bias induced to the model by the optimization period and its specific
climatic conditions and the model conceptualization error Poissant et al.,
2017. There is a possible explanation for the mismatch between observed
and simulated runoffs during the winter period. The SWMM model si-
mulates runoff from rainfall or snow accumulation from snowfall ac-
cording to observed air temperature. This temperature, however, does not
correspond to temperature inside the medium (substrate) or around the
outlet. Having negative air temperatures and positive medium tempera-
tures may, therefore, lead to continuously observed runoff while the
model accounts for snow accumulation. Additionally, rainfall measure-
ment was performed over a period of 4 months using manual rain gauges
(simple plastic non-digital cones which must be handled manually) (8
gauges per roof) in order to see rainfall distribution over the roofs and if
the roof receives an equal amount of precipitation during non-snow
period. There were not found differences between registered volumes.
However, the volume error which raised from 3% during the warm period
to 29% during the cold period revealed that the wind effect during cold
period has to be still considered. Limitation within this manuscript is the
actual dataset duration which spans over less than one year and that there
was only one event with a return period greater than 2 years. This may
also raise the question of whether it is appropriate to validate the model
using periods with different season within the same year.

3.5. Practical implications for environmental management

In light of the results and limitations, one can conclude that the SWMM
model can simulate the hydrological performance of green/grey roof solu-
tions. It is a user-friendly tool, which may support urban planners and deci-
sion makers in activities related to project planning, implementation, and
assessment. From the management point of view, important results are pre-
sented in Table 2. The grey roof outperforms the reference black roof and
extensive green roof in terms of stormwater detention while changing extreme
runoff to more natural flow with a low peak and long duration (Hamouz
et al., 2018; Mentens et al., 2006; Stovin, 2010). The runoff attenuation may
also be seen between the green and grey roof in the figures in chapter Results
and Discussion (Figs. 2, 4 and 6 and in Appendix in Figs. A7 and A8). This
difference will influence the number of CSO events as well as the duration of
the events. (Ahiablame and Shakya, 2016).

Considering stormwater retention, the green roof discharged 407 mm of
stormwater (during the warm period) and 371 mm (during the cold period).
The grey roof discharged 530 mm (warm period) and 384 mm (cold period).
While the black reference roof had 573 mm (warm period) and 390 mm (cold
period). This confirms earlier findings where low retention effect can be ob-
served during cold period ((Hamouz et al., 2018; Johannessen et al., 2017;
Mentens et al., 2006; Poé et al., 2015; Stovin et al., 2015; Teemusk and
Mander, 2007; Xu, 2000), among others)). In contrast, the green roof retained
a considerable amount of 166 mm of precipitation in comparison with the
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reference black roof during a warm period while the grey roof retained
46 mm. This clearly shows that the green roofs should be favoured from a
retention point of view.

This study is an important step prior to a large-scale implementation of
green and grey roofs in a watershed. More interest should be given to the grey
roof, in particular for cool season locations due to low maintenance of the roof
and the fact that evapotranspiration is a limiting factor for the green roofs in
cold climates.

4. Conclusions

In this study, the runoff from a green and grey rooftop retrofitting were
simulated using the model SWMM version 5.1. The model was able to si-
mulate runoff with a good fit, 0.94 (green roof) and 0.78 (grey roof) values of
the Nash-Sutcliffe model efficiency (NSME) within the calibration period.
Similarly, a good fit was achieved during the validation period with 0.88
(green roof) and 0.81 (grey roof) values of NSME. The model was able to
simulate the water balance satisfactorily during the calibration period with
volume errors of 3% (green roof) and 10% (grey roof). Remarkable dete-
rioration was observed within the validation period of the green roof with
volume error of 29%, within the grey roof almost no change occurred with
volume error of 11%. Concerning snowmelt modelling, the calibrated model
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showed the NSME of 0.56 (green roof) and 0.37 (grey roof) with the volume
error of 30% (green roof) and 11% (grey roof) through the winter period. The
results indicate that there is a need for further research related to the volume
errors during the winter season.

The SWMM model allows simulating runoff from the green and grey
roof with a good fit between observed and simulated runoff but after
calibration and with limitation to the specific local climate. The para-
meters may deviate with different roof layers build-up, geometry, and
climate, which was confirmed after comparing with other studies and
laboratory measurements but still being within the recommendation and
limits of green roof standards and manuals. The study provides insight for
urban planners who may use the output from the SWMM model as an aid
in the implementation of roof retrofitting in urban watersheds.
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ABSTRACT

While extensive green roofs are popular measures for reducing and delaying stormwater runoff, design tools are
needed to better predict roof performance based on material properties, geometry and climate. This paper in-
vestigates the EPA’s Storm Water Management Model’s (SWMM) green roof module for this purpose based on
observed runoff from several roofs with different build-ups, geometry, and climates. First, the general model
performance was investigated and secondly transferability of model parameters for similar roofs but different
geometries and climates was tested. Individual models reproduced runoff hydrographs well (NSE 0.56-0.96),
while the long-term modelling showed relatively large volume errors most likely due to insufficient re-
presentation of evapotranspiration in the model. Model parameters obtained at one site were only partly
transferable to similar roof build-up at other sites. Transferability was better from models calibrated with wetter
climates and higher intensity events to drier climates, than the opposite way. Multi-site calibration resulted in
model parameters performing well for most sites, giving model parameters that could be used for the design of
similar roof build-ups in comparable climates. However, large variability in obtained model parameters, large
volume errors and the fact that the calibrated model parameters did not directly correspond to measured ma-

terial properties, place concerns on the generality of the SWMM green roof module as a design tool.

1. Introduction

Green roofs are popular measures for stormwater management,
while also providing a set of other positive aspects to local environment
ranging from reduced energy consumption for buildings, reduction in
heat island effects, increase in urban habitats, and bringing visual im-
provements to urban areas (Besir and Cuce, 2018; Oberndorfer et al.,
2007; Saadatian et al., 2013).

A substantial amount of green roof research has been published over
the last decade wherein performance of green roofs has been examined
in terms of both permanent (retention) and temporary (detention)
storage of water in the green roof build ups (Akther et al., 2018;
Berndtsson, 2010; Carter and Rasmussen, 2006; Li and Babcock, 2014).
There is a large variation in reported performance, which has been
explained by several factors ranging from natural (e.g. climate, pre-
cipitation patterns and amounts (Alfredo et al., 2010)) to material
properties (e.g. layer build-up (Soulis et al., 2017a)) and roof geometry
(size, shape and slope (Carson et al., 2013; Hakimdavar et al., 2014)).
This makes field observations difficult to directly use for design pur-
poses (Stovin et al., 2017).

Most engineers designing stormwater solutions prefer simplified
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E-mail address: birgitte.g.johannessen@ntnu.no (B.G. Johannessen).
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methods in terms of schematic values, plots or the use of well-known
modelling tools. Preferable methods should be able to show perfor-
mance as a function of applied materials (measured material properties
and depths), roof geometry and local climate to simplify the design
process. The necessary parameters and coefficients should be readily
available without extensive field experiments. Different approaches
have been applied to represent green roof’s performance from the tra-
ditional applied runoff coefficients and curve numbers, via single or
multiple regression equations to more complex conceptual or physical
models (Li and Babcock, 2014). This paper briefly presents different
published approaches, before thoroughly testing one of the modelling
tools, the United States Environmental Protection Agency’s (EPA) Storm
Water Management Model (SWMM) green roof Low Impact Develop-
ment (LID) module, for general model performance and for a compar-
ison of calibrated model parameters between sites and to material
properties.

Curve numbers (CN) and volumetric runoff coefficients (C,) com-
bined with design storms are widely applied methods for calculating
surface runoff, making coefficients for green roofs highly sought after.
Fassman-Beck et al. (2016) made a thorough investigation of retention
performance from rainfall-runoff data from 21 living roofs. The authors
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emphasize the fact that the coefficients poorly represent the perfor-
mance variability of green roofs, but due to the demand for such
numbers, they suggest a climate specific modified approached using CN
and C, to predict green roof runoff.

Regression models showing a second-order relation between pre-
cipitation and runoff depth have been found useful in representing
runoff at a specific site by Fassman-Beck et al. (2013) and Carson et al.
(2013), but these types of models are not transferable to other climates,
roof build-ups and roof geometries. Stovin et al. (2012) performed
multiple linear regression analysis to predict hydrological performance,
but these showed poor predictive capability. It was suggested that a
continuous simulation approach based on substrate moisture flux is
better suited to predict retention performance because it can deal with
the complex inter-event processes.

Conceptual water balance models, as presented by Kasmin et al.
(2010), have been proven successful for modelling green roof retention
in several later studies if adequate evapotranspiration estimates are
implemented (Johannessen et al., 2017; Starry et al., 2016; Stovin et al.,
2013). Moreover, conceptual models have been extended with reservoir
routing models or runoff coefficients to model detention processes
(Kasmin et al.,, 2010; Locatelli et al., 2014; Soulis et al., 2017b;
Vesuviano and Stovin, 2013; Yio et al., 2013). Model parameters have
been linked to materials, roof slopes and drainage length. Although
these conceptual models have proven to successfully reproduce the
observed green roof performance, they are highly dependent on la-
boratory or field testing and hence are not transferable to green roofs
with different materials, layer build-up and geometry.

Several physically based models have also been suggested useful in
reproducing green roof runoff like the Soil Water Atmosphere and Plant
model (SWAP) (Metselaar, 2012), Hydrological Evaluation of Landfill
Performance (HELP) (Carson et al., 2017) and Integrated Hydrological
Model at Residential Scale (IHMORS) (Herrera et al., 2018). All these
models include the possibility to model several consecutive substrate
layers, while SWAP and IHMORS lack the ability to model lateral flow
and are thus unable to include the detention effect resulting from the
horizontal flow through the drainage layer in the green roof geometry.
HYDRUS, a commercial physically based model for water movement in
variably saturated media has been applied to several green roof studies
in the one (1D) (Hilten et al., 2008; Palla et al., 2012; Soulis et al.,
2017b), two (2D) (Li and Babcock, 2015) or three dimensional (3D)
model version (Brunetti and Simunek, 2016) showing adequate per-
formance. The model is based on a quite large number of physical
parameters defined either from laboratory measurements or from
model calibration, introducing high computational requirements and
challenging calibration with variability in calibrated parameters (Soulis
et al., 2017b).

Even though a large number of modelling tools have shown good
abilities to reproduce observed green roof runoff, few of these models
are applied among practitioners, who need tools to estimate runoff from
green roofs to further combine with other stormwater measures for
system design purposes. This could be due to little knowledge of some
of these specialized modelling tools or inability to estimate model
parameters accurately. For many stormwater engineers, a green roof
modeling tool that combines with existing stormwater models and is
based on generic material parameters would be preferable.

SWMM is an easily accessible, widely known and applied open
source physically based dynamic rainfall-runoff simulation model used
for predicting flows from contributing subcatchments and for analyzing
wastewater and stormwater flow in piped systems (Rossman, 2015).
The first attempts of applying SWMM to green roofs were carried out by
modelling the green roof as permeable area coupled with a runoff
coefficient, a curve number or modelled as a storage node (Alfredo
et al., 2010; Roehr and Kong, 2010). Later, after a bioretention LID
module was added to SWMM, green roof runoff was simulated with this
module (Burszta-Adamiak and Mrowiec, 2013; Cipolla et al., 2016).
The bioretention module includes; a surface layer describing possible
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surface storage and overland flows; a soil layer describing the proper-
ties of the substrate affecting temporary and permanent water storage
and infiltration properties; a separate water storage layer based on
available volume and depth; and a drain function based on a drain
coefficient (C) and a drain exponent (n) creating runoff (Rossman,
2015). Cipolla et al. (2016) reported satisfactory performance of the
calibrated bioretention module, while Burszta-Adamiak and Mrowiec
(2013) found the module to have limited capabilities in correctly si-
mulating the runoff hydrographs. The main objection to this approach
for green roof modelling is the use of two drain parameters predicting
runoff without including parameters describing roof geometry and
drainage layer materials. The SWMM green roof LID module was in-
troduced in 2014. It has the same surface and soil layers as the bior-
etention module but with a drainage mat as its bottommost layer. The
drainage mat provides volume for temporary storage of water while the
runoff from the green roof is calculated based on Manning’s equation
with a specific roughness coefficient for the drainage layer. Evapo-
transpiration can be modelled based on a constant, on monthly values,
an external input time series (climate file) or calculated by a clima-
tology editor using the Hargreaves method with a possibility to add a
monthly soil recovery pattern (Rossman and Huber, 2016a).

Palla and Gnecco (2015), Krebs et al. (2016) and Peng and Stovin
(2017) applied the SWMM green roof module, including calibration and
validation of the model parameters. Krebs et al. (2016) and Peng and
Stovin (2017) used field studies and evaluated the model both with
continuous data, to account for the retention process, and with events,
to account for the detention parameters, while Palla and Gnecco (2015)
applied synthetic rainfall events. All studies reported that the calibrated
models represented the overall runoff generation process very well,
with better performance for high-intensity rainfall events (i.e. events
with high runoff to rainfall ratio when compared to low runoff events).
On the other hand, Krebs et al. (2016) and Peng and Stovin (2017)
discovered the inability of the models to physically represent and pre-
dict performance of the plastic board drainage layer to be an important
limiting factor. Furthermore, Peng and Stovin (2017) attribute SWMM’s
limitations in estimating evapotranspiration to its shortcomings in ac-
counting for the influence of the substrate moisture, a simplification
which Krebs et al. (2016) found to be of limited effect on initial
moisture content in a Nordic climate. All reported studies of the SWMM
green roof module are calibrated based on small-scale units (2-6 m?)
with 2-8% slope, substrate depth of 80-120 mm and an egg-cup shaped
conjugated plastic drainage mat as the bottommost layer.

Calibrated SWMM green roof models have shown promising results
when simulating green roof runoff from specific small-scale test roofs,
while there is still lack of knowledge to whether the model parameters
are true material constants transferable to other roofs with deviating
climates, geometry and build-up making this a generic tool for design
and performance evaluation. This study investigates the performance of
the SWMM green roof module in general for several roofs with varying
roof build-ups, sizes, slopes and climates. Calibrated model parameters
for identical roof build-ups with deviating geometries and climates have
been compared, assuming that if model parameters were comparable
this would be an indication that these were true material constants that
could be used for design purposes. Transferability of parameters has
further been investigated by cross-validation of parameters among the
study sites and by implementing a multi-site calibration procedure.
Calibrated model parameters have been compared to other comparable
studies and laboratory measurements, to see if these could be a source
for parameter values when field tests are missing.

The objectives of the study have been:

1. Evaluate model performance of the SWMM green roof module with
respect to long-term retention performance and event-based re-
production of the runoff hydrograph across geographical different
climates.

2. Evaluate the use of the SWMM green roof module as a generic tool,
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Table 1

Description of individual test sites.

Validation period Tot. prec. [mm] Tot. runoff [mm]

Calibration period

Build-up

Drainage mat Thickness [mm]

Soil Thickness [mm]

Berm Height[mm]

Slope [%]

Size [m?]

Id

404
488

839

01.05-31.10.16 01.01-31.10.17

Type A green roof

10
25

30
80
30
80
30

10
10
10
10
10

16
16
16
16
16

15
15

RIS1
RIS3

912

01.05-31.10.16 01.01-31.10.17

Type C green roof

2240
2203
2288

2888
2888
2888

01.05-31.10.16 01.01-31.10.17

Type A green roof

10
75

01.05-31.10.16 01.01-31.10.17

Type C green roof

BER3
BER4

01.05-31.10.16 01.01-31.10.17

Type B green roof

8

1180
1219
1293

1764
1764
1764

01.05-31.10.16 01.01-31.10.17

Type A green roof

10
75

30
80
30

10
10
10

27
27
27

9

SAN1

01.05-31.10.16 01.01-31.10.17

Type C green roof

SAN2
SAN3

01.05-31.10.16 01.01-31.10.17

Type B green roof

1241

1339

01.05-31.10.12 01.01-31.10.10

Reference roof

5.5

8

OSL1

582
629
459

627

16.08.-30.11.17
16.08.-30.11.17
16.08.-30.11.17

11.05.-15.08.17
11.05.-15.08.17
11.05.-15.08.17

Gray roof

200 20

500

100
100
100

HOV1

627

Reference roof

HOV2

627

Type B green roof

36

30

500

HOV3

27

27

dation

27
27
27
27

27
27
27
27

dation

dation

dation

dation

no val
no val
no val
no val
no val

one event
one event
one event
one event
one event

Reference roof

LAB1

Type A drain mat

10

10
10
10
10

LAB2

Type B drain mat

LAB3

Type B green roof

Gray roof

47

30

LAB4

10

100

LAB6

* Slope applied to both the subcatchment and the LID surface.
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Fig. 1. Comparison of monthly precipitation within individual field stations.

by comparing estimated parameters across different sites, roof build-
ups and geometries.

2. Materials and methods
2.1. Site descriptions

Various field studies, containing mainly extensive green roofs but
also black bitumen reference roofs and a non-vegetated media (gray
roof), with various scale were built to increase knowledge in terms of
stormwater retention and runoff detention in cold climate (Table 1).
Laboratory tests were conducted to supplement field studies. Test plots
(8-15m?), as well as full-scale (100 m?) field sites, were set up in dif-
ferent cities representing the typical coastal climate with various rain-
fall pattern across Norway: Bergen (BER), Oslo (OSL), Sandnes (SAN)
and Trondheim. In Trondheim, data from two different test sites were
included, Risvollan (RIS) and Hgvringen (HOV). Each monitored roof is
identified by its location and a number (e.g. BER1 and BER3). Bergen
experienced most precipitation per month followed by Sandnes and
Oslo, while the two sites in Trondheim were the driest (Fig. 1). In the
figure, one can see a comparison between individual sites as well as
periods chosen for calibration and validation. In two sites (OSL1 and
HOV2), a black bitumen roof was used as a reference roof, while a gray
roof was tested in one site (HOV1). Three groups of extensive green
roofs from three different suppliers (A, B and C), which henceforth shall
be referred to as Type A, Type B and Type C, were tested. The Type A
designed for sloped roofs (RIS1, BER1, and SAN1) consisted of a ve-
getation mat (30 mm substrate in a reinforced net of fiber, pre-culti-
vated and sedum-based) over a 10 mm thick textile retention fabric
(Fig. 2b). The Type B for sloped roofs (BER4, SAN3) have vegetation
mat similar to Type A, but with a 3mm thick textile retention mat
(Fig. 2b). The Type B for a flat roof (HOV3) also included a thicker
textile retention mat (11 mm) over a 25 mm conjugated plastic drainage
layer (Fig. 2c). This configuration where a thin sedum vegetation mat
(30 mm) constitute the total substrate depth is typical for the Scandi-
navian market, where they are preferred due to fast establishment, low
weight and low maintenance needs, and where the drought risks are
lower than in central Europe and United States due to the cold and wet
climate. In general, little green roof research is published on these thin
configurations, and to the knowledge of the authors, no applications of
the SWMM green roof module are published. The Type C for sloped
roofs consisted of a 30 mm vegetation mat over 50 mm of extra sub-
strates, a 25 mm conjugated plastic drainage layer (RIS3) or a 75 mm
polystyrene drainage layer (BER3, SAN2) and with a 10 mm textile
retention mat in the bottom for all (Fig. 2d).

The non-vegetated gray roof (HOV1) consisted of a 200 mm layer of
lightweight expanded clay aggregates, covered by paving stones
(Fig. 2a). The expanded clay layer served partially as the soil layer as
well as the drainage layer. For model purposes 10% of the total thick-
ness was assumed to represent the drainage layer. For more information
about the field experiments, see Johannessen et al. (2018) and Hamouz
et al. (2018). Besides field tests, laboratory experiments were
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Fig. 2. Components of various rooftop configurations in a cross-section: a) Non-vegetated roof (HOV1, LAB6); b) Green roof Type A and B for sloped roofs (RIS1,
BER1, SAN1, BER4, SAN3); c) Green roof Type B for flat roofs (HOV3); d) Green roof Type C for sloped roofs (RIS3, BER3, SAN2).

Table 2
Parameters chosen for calibration in SWMM (qparameters for calibration).

PARAMETER GREEN ROOF GRAY ROOF REFERENCE ROOF
Initial value Lower bound  Upper bound Initial value Lower bound Upper bound Initial value Lower bound Upper bound
Subcatchment
Surface Roughness (Manning’s n)" 0.011 0.001 0.2
Depression storage (mm)” 1 0.1 25
Initial saturation” 50 10 95 50 10 95 - - -
Soil recovery coefficient” 0.5 0.1 1.0 0.5 0.1 1.0 0.5
LID CONTROL
Surface No LID
Berm Height (mm) Site specific Site specific
Vegetation Volume Fraction 0.15 0
Surface Roughness (Manning’s n) 0.15 0.015
Surface Slope (%) Site specific Site specific
SOIL
Thickness (mm) Site specific Site specific
Porosity (volume fraction)” 0.6 0.45 0.7 0.6 0.45 0.7
Field Capacity (volume fraction)”  0.35 0.2 0.45 0.03 0.01 0.2
Wilting Point (volume fraction)” 0.05 0.01 0.1 0.05 0.01 0.1
Conductivity (mm/hour)” 100 10 1000 2500 100 5000
Conductivity Slope” 30 5 60 30 5 60
Suction Head (mm)* 10 1 100 10 1 100
Drainage mat
Thickness (mm) Site specific Site specific
Void Fraction” 0.5 0.01 1 0.5 0.01 1
Roughness (Manning’s n)" 0.1 0.01 0.4 0.1 0.01 0.4

performed in order to test whether or not laboratory experiments could
give material parameters comparable to the one obtained from field
experiments. This includes vegetated and non-vegetated roofs as well as
simply individual layers (retention mats) and a reference roof. The la-
boratory experiments were conducted according to the procedure given
in the German Green Roofing Guideline published by the Landscape
Development and Landscaping Research Society (FLL) (FLL, 2008). For
more information on the laboratory tests see Schirer (2018).

2.2. Data collection

Continuous time series from the field rooftops and short-term
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(event-based) data records from the laboratory were used as inputs to
the hydrological model (Table 1). The RIS, BER, SAN and OSL field
studies are based on two years of data, while the HOV field study is
based on a total of 6.5 months of data. Winter data were excluded due
to challenges with snow accumulation and melt. Precipitation was
measured on site for all field experiments with a heated tipping bucket
rain gauge. Runoff was measured with a pressure transducer measuring
changes in a collection tank for all sites except Hgvringen where a
weight-based system was applied. Precipitation and runoff data were
recorded with time intervals of 1-minute (Bergen, Sandnes, Risvollan
and Hgvringen,), 5-minutes (Oslo) and 3-second (laboratory experi-
ments). Details on instrumentation and data collection can be found in
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Hamouz et al. (2018), Johannessen et al. (2018) and Schéarer (2018).
Laboratory measurements of porosity, field capacity and wilting point
for the green roof Type C substrate and the HOV1 and LAB6 material
was performed based on a porous plate apparatus method (Richards,
1948), while the saturated hydraulic conductivity of Type C substrate
was tested according to the German Green Roofing Guidelines water
permeability method (FLL, 2008).

2.3. Model description

The SWMM version 5.1.012, including the green roof LID module
was applied. The rooftop test beds were modeled as subcatchments that
were 100% occupied (88% for HOV1 and HOV3) by the LID. The
parameters in SWMM’s Green roof module, consisting of the individual
LID layers: soil and drainage mat, as well as two parameters from the
surface subcatchment (Surface Roughness - Manning’s n and
Depression storage) were used in the calibration process (Table 2). In-
itial parameter values as well as lower- and upper-bounds for the ca-
libration were estimated from field observations, laboratory experi-
ments, adopted from other studies (Cipolla et al., 2016; Krebs et al.,
2016; Palla and Gnecco, 2015; Peng and Stovin, 2017; Rosa et al.,
2015) or from SWMM manuals (Rossman, 2015; Rossman and Huber,
2016b). However, parameters describing physical features such as
thicknesses, slopes, berm heights, and elements of the surface LID layer
were excluded from the calibration. The values of these parameters
were obtained directly from the field experiment setups (Table 1). Po-
tential evapotranspiration rates were determined using Hargreaves
method (Hargreaves and Allen, 2003), computing daily evaporation
rates from the daily air temperature records provided in an external
climate file, while soil recovery coefficients were calibrated in order to
achieve the best model fit.

2.4. Model calibration and evaluation

A uniform prior distribution was assumed for all calibration para-
meters given in Table 2. The optimal model parameters were identified
through model calibration using the Shuffled Complex Evolution (SCE)
algorithm (Duan et al., 1992). The Nash-Sutcliffe Efficiency (NSE) (Eq.
(1)) (Nash and Sutcliffe, 1970) and the relative percentage difference
(RPD) (Eq. (2)) were used for model evaluation. First as objective
functions for the calibration period, referred to as model calibration.
Then applied as metrics for measuring model performance when the
calibrated parameters were applied in the validation period, referred to
as model validation. In general, the closer the NSE is to 1, the more
accurately the model can predict the observed performance, whilst an
NSE greater than 0.5 indicates acceptable model performance (Rosa
et al., 2015). Parameter spans giving acceptable model performance
were defined as the 5-95% percentile of all parameters fulfilling the
requirement of NSE > 0.5 or |[RPD| < 25%.

NSE = 1 — 21 Qobsi= Quim.i)* Qobs — Observed discharge (Eq. (1))
T X Qobsi— Qb Qsim — simulated discharge
60[75 — mean of observed dis-
charge
RPD = Vobs = Vsim 100 Vobs — observed runoff volumes (Eq. (2))

Vobs Vsim — simulated runoff volumes.

Model performance was further evaluated visually using the quanti-
le—quantile (Q-Q) plots. A quantile-based evaluation provides a more
comprehensive analysis approach where whether or not the simulated
and observed runoff series exhibit consistent distributions can be as-
sessed directly (Thyer et al., 2009). Observed and simulated runoff from
the event based calibration was classified in to 100 bins, plotted against
each other and compared to a 1:1 line to evaluate the model perfor-
mance at different flow regimes. A Q-Q plot along the 1:1 line indicates
that the distribution of the simulated runoff series is consistent with
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that of the observed runoff; hence, good model performance. Any de-
viation of a Q-Q plot from the 1:1 line implies inconsistent uncertainty
in the simulated and observed runoff time series. With the 1:1 line as a
reference, sections where the Q-Q data points plot above this line in-
dicate an overestimation while data points that fall under this line in-
dicate an underestimation of the simulated flows.

A two-step calibration procedure separating the volume calibration
(retention performance) from the peak runoff (detention performance)
calibration, was carried out. Retention related parameters (soil field
capacity, soil wilting point and soil recovery constant) were calibrated
with a continuous time-series first and evaluated based on volume er-
rors (RPD). These parameters were then kept constant while the re-
maining, detention-related, parameters were calibrated on selected
events with high intensity precipitation and evaluated with NSE.
Similar calibration approaches calibrating both on retention and de-
tention performance were also carried out by (Krebs et al., 2016) and
(Peng and Stovin, 2017) for the SWMM green roof module. For the
continuous calibration, the observed time series were divided in two
equal parts for calibration and validation (Table 1). For the event-based
evaluation, the four to five largest events were chosen for the calibra-
tion and validation period respectively. The maximum 5-minute in-
tensities of the chosen events are given in Fig. 3 together with in-
tensities of the two and five year return period events from local
Intensity Duration Frequency (IDF) curves. Some events exceeded the
two and five year return periods, while most of the applied events had
return periods less than two years. For the laboratory experiments
based on only one event, NSE alone was used for model calibration.

Model parameters were first calibrated for each site and config-
uration individually. Transferability of model parameters among
models of similar roof build-ups was further tested with three different
approaches. The first approach was carried out by manually selecting a
common set of parameter values for all Type A sloped roofs, Type B
sloped roofs, Type C sloped roofs and reference roofs and evaluating the
performance. These parameters were set as close to the optimal values
obtained in the individual calibration as possible. The second approach
was based on a cross-validation of parameters among sites. For ex-
ample, optimal parameters of the Type A sloped roof in Trondheim
(RIS1) were applied at Sandnes (SAN1) and Bergen (BER1) sites and
evaluated, and so on for all comparable roof build-ups. The third ap-
proach was carried out as a multi-site calibration, by artificially
creating a combined time series of all comparable roofs, running a ca-
libration and validating the performance based on both the combined
series and the individual sites. To reduce the influence of variability in
runoff flows, the runoff was normalized 0 (Qmin) t0 1 (Qmayx) for each

9
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Fig. 3. Events used for calibration and validation. Maximum five minute pre-
cipitation and two and five year return period events from local IDF-curves for
all sites.
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Table 3

Model evaluation from individual model calibration.
Id NSE RPD

Calibration Validation Calibration Validation
events events period period

RIS1 0.65 0.85 4% 9%
BER1 0.77 0.75 — 4% 3%
SAN1  0.66 0.75 4% 1%
BER4  0.77 0.82 1% 3%
SAN3  0.92 0.87 21% 17%
RIS3 0.60 0.56 5% 4%
BER3  0.85 0.85 0% 6%
SAN2  0.87 0.80 12% 10%
HOV3 0.90 0.88 28% 14%
OSL1 0.80 0.66 2% —5%
HOV2 0.96 0.95 18% 9%
HOV1 0.90 0.83 25% 17%
LAB1 0.89
LAB2 0.84
LAB3  0.84
LAB4  0.82
LAB5 0.80
LAB6 0.60

series in the last approach.

3. Results and discussion
3.1. Individual model evaluation

The individual model calibration procedure resulted in volume er-
rors ranging from —4 to 28% in the calibration period and from —5 to
17% in the validation period (Table 3). While some of the models
showed acceptable volume errors (six models with errors less than <
6%), others exhibit large volume errors (3 models with errors larger
than 20%). This is most likely due to the fact that the model does not
fully represent the evapotranspiration processes taking place, as sug-
gested by earlier studies (e.g. Peng and Stovin (2017)), however it could
also be due to measurement inaccuracies and uncertainties. The model
represents evapotranspiration by the Hargreaves method combined
with a soil recovery coefficient and does not include the influence of
soil moisture which has been shown to have an important impact on
evapotranspiration in green roofs (Berretta et al., 2014; Stovin et al.,
2013). The calibration was based on one soil recovery coefficient for
the whole model period, however it is possible that individual coeffi-
cients for each month might improve the performance. Larger volume
errors were found for all tested configurations at Hgvringen (HOV). One
explanation might be uncertainties in the precipitation measurement
related to placement of the field station at Hgvringen, located by the
coast exposed to an open fjord area and therefore experience higher
wind stress. This model was also the only where the LID occupied only
88% compared to 100% for the other models, which might have in-
fluenced the model performance. Another aspect that could introduce
volume errors are possible temporal variations in model parameters,
not accounted for in the model. This aspect will be further discussed in
Chapter 4.2.

The individual model’s ability to reproduce the observed runoff
hydrograph was evaluated by NSE coefficients (Table 3). All model runs
provided NSE larger than 0.56, with an average of 0.80 for both the
calibration and the validation period, which can be considered ade-
quate performance for a rainfall-runoff model based on field observa-
tions (Rosa et al., 2015).

Fig. 4 shows Q-Q plots of the observed versus simulated runoff at
the study sites. Each data point represent 1% of the data, and it can be
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seen that most of the data fall in the low to medium flow regime (under
the 75% percentile). The individual model calibrations showed good
model performance for all data up to the 98-99% percentile, while peak
flows were overestimated (HOV3, BER3) or underestimated (HOV2,
RIS1, BER1, RIS3) for several of the models (Fig. 4).

3.2. Model parameters

Optimal model parameters for all calibrated models are given in
Table 4a—e together with NSE values from the calibration.

3.2.1. Reference roofs

Three models of reference roofs (OSL1, HOV2, LAB1) were cali-
brated resulting in model parameters that could be useful for design
purposes when comparing different roof configurations to conventional
roofs (Table 4a). All reference roofs were based on black bitumen
roofing but with varying roof size, slope and type of experiment. Op-
timal model parameters from individual calibration were comparable.
Good model performance was found for both the manually chosen
common parameter set and the multi-site calibration (Table 4a, Fig. 4b,
Fig. 5b), indicating that the SWMM model reproduces the runoff sa-
tisfactory and can be used for modeling reference roofs of variable sizes
and locations. The laboratory experiments were conducted with one
high-intensity rainfall event, which differed significantly from the
conditions in the field experiments, and gave larger spans of model
parameters but still comparable optimal values. Recommended model
parameters for reference roofs based on this study are a Manning’s
roughness coefficient of 0.01, as also found by Cipolla et al. (2016) in
an earlier study, and a depression storage of 0.03.

3.2.2. Model retention performance

The available water storage capacity in green roofs in the SWMM
green roof module is defined by the pore space between the field ca-
pacity and the wilting point combined with the soil thickness. No sto-
rage capacity is included in the drainage layer of the model even if the
properties of the drainage layer might allow for water to be stored
there, i.e. in cups in the conjugated plastic drainage layers or soaked up
in the textile retention drainage mats. In some initial tests, separate
monthly soil recovery patterns were applied, while in the individual
calibration reported here only one soil recovery coefficient was applied.

The individual model calibrations showed large variation in optimal
parameters for both field capacities (24-44%) and wilting points
(1-15%) for the same material at different sites, and the resulting
parameters seem to be influenced by local climate conditions
(Table 4b—e). The highest field capacities were found for the wettest site
(BER). The highest calibrated wilting points were found for the thickest
configurations (Type C), possibly due to the fact that the total available
storage capacities for the thickest configurations in a Norwegian cli-
mate are seldom utilized (Johannessen et al., 2017). Little or no data
when the roof reaches its wilting point is expected to be present in the
observed data used to calibrate the model, and this might affect the
model’s ability to predict these parameters properly. The span between
the field capacity and the wilting point was only 3% for the Type B flat
roof (HOV3). This model also has a volume error of 28% for the cali-
bration period, indicating that the model is unable to reproduce the
retention processes of this roof. Laboratory experiments of Type C
substrate gave a field capacity of 21% and a wilting point of 1.5%. This
is a large deviation from the individual calibrations (giving field ca-
pacity 24-44% and wilting point 7-15%) but corresponds quite well to
the field capacity obtained in the multi-site calibration (23%).

Tests conducted with monthly soil recovery coefficients resulted in
large seasonal variability in the predicted coefficients and a median
span of model parameters of 0.19. Median model parameter span in-
creased to 0.30 in the calibration including only one soil recovery
coefficient. For some of the configurations (like RIS3), the monthly
variations could be explained by variations in precipitation pattern with
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Fig. 4. Q-Q plots based on all calibration events showing observed versus simulated runoff at; a) gray roof (HOV1) and green roof (HOV3) at Hgvringen Trondheim,
b) reference roofs at Hgvringen, Trondheim (HOV1) and in Oslo (OSL1), c¢) Type A roofs at Risvollan, Trondheim (RIS1), Bergen (BER1) and Sandnes (SAN1), d) Type
C roofs at Risvollan, Trondheim (RIS3), Bergen (BER3) and Sandnes (SAN2).
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Table 4

Optimal model parameters and NSE performance for individual calibration,
manual chosen parameters and multi-site calibration; a) Reference roofs, b)
Type A green roofs, ¢) Type B green roofs, d) Type C green roofs, e) Gray roof

and Type B flat roof. a).

a)
Individual calibration Manual ~ Multi-site cal
OSL1 HOV2 LAB1 ALL ALL

Surface Parameters
Manning’s n 0.03 0.01 0.02 0.02 0.01
Depression storage (mm)  0.20 0.30 0.60 0.30 0.30
Model evaluation
NSE 0.89 0.90
NSE OSL1 0.80 0.79 0.81
NSE HOV2 0.96 0.95 0.96
b)

Individual calibration Man-ual ~ Multi-site cal

RIS1 BER1 SAN1 LAB2 ALL ALL
Soil Parameters
Field Capacity (%) 31 44 29 32 43
Wilting Point (%) 2 1 9 5 2
Porosity (%) 70 70 70 70 61
Conductivity (mm/hr) 65 43 63 60 42
Conductivity Slope 14 16 15 15 32
Suction Head 77 13 6 40 28
Drain Parameters
Void Fraction 0.01 0.03 003 010 0.03 0.56
Manning’s n 018 0.22 021 0.10 0.21 0.32
Model evaluation
NSE 0.84 0.52
NSE RIS1 0.65 <05 <05
NSE BER1 0.77 <05 0.77
NSE SAN1 0.66 < 0.5 0.59
)

Individual calibration Man-ual ~ Multi-site cal

BER4 SAN3 LAB4 ALL ALL
Soil Parameters
Field Capacity (%) 44 28 17 30 35
Wilting Point (%) 4 10 7 7 10
Porosity (%) 70 69 47 70 67
Conductivity (mm/hr) 183 108 982 180 292
Conductivity Slope 24 18 16 23 20
Suction Head 39 51 71 45 18
Drain Parameters
Void Fraction 0.13 0.11 0.02 0.13 0.16
Manning’s n 0.09 0.10 0.23 0.10 0.09
Model evaluation
NSE 0.82 0.85
NSE BER4 0.77 < 0.5 0.82
NSE SAN3 0.92 <05 0.89
d)

Individual calibration Man-ual ~ Multi-site cal

RIS3 BER3 SAN2 LAB3 ALL ALL
Soil Parameters
Field Capacity (%) 24 44 32 30 23
Wilting Point (%) 15 7 15 2 14
Porosity (%) 43 59 50 60 40
Conductivity (mm/hr) 782 549 1183 800 596
Conductivity Slope 43 46 47 45 53
Suction Head 55 64 45 50 920
Drain Parameters
Void Fraction 0.01 0.47  0.06 021 020 0.89
Manning’s n 0.13 0.07 0.24 011  0.15 0.01

Model evaluation
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Table 4 (continued)

d)

Individual calibration Man-ual ~ Multi-site cal

RIS3 BER3 SAN2 LAB3 ALL ALL
NSE 0.82 0.83
NSE RIS3 0.60 <05 0.81
NSE BER3 0.85 0.86 0.82
NSE SAN2 0.87 0.71 0.89
e)

Individual calibration
HOV1 HOV3 LAB6

Soil Parameters
Field Capacity (%) 15 18 27
Wilting Point (%) 15 15 10
Porosity (%) 35 49 57
Conductivity (mm/hr) 3 366 645 80
Conductivity Slope 48 60 19
Suction Head 79 41 49
Drain Parameters
Void Fraction 0.72 0.64 0.40
Manning’s n 0.48 0.07 0.35
Model evaluation
NSE HOV1 0.90
NSE HOV3 0.90
NSE LAB6 0.60

drier conditions in some months giving lower soil moisture content
which again reduces the actual evapotranspiration (Fig. 6a bottom).
However, if this was properly represented in the model, the same pat-
tern should be found in all configurations at the same site experiencing
the same local climate. This was not the case for the modelled sites, as
shown for RIS1 which shows a deviating pattern from RIS3 (Fig. 6a
top). Large variation in optimal values at the same site was also found
when applying only one soil recovery coefficient, while model para-
meter spans were overlapping for all green roofs at the same site
(Fig. 6b). Both the large volume errors and the large variation in cali-
brated parameters for soil recovery coefficients, field capacities and
wilting points confirms earlier findings indicating that the modelling of
evapotranspiration in the SWMM LID module based on the Hargreaves
method combined with a soil recovery coefficient is not adequately
representing the actual evapotranspiration, and thereby also the re-
tention processes taking place (Feng and Burian, 2016; Peng and Stovin,
2017). This insufficient representation of the evapotranspiration pro-
cesses in the model is also expected to affect the detention performance
and detention parameters, as the observed runoff pattern is a combi-
nation of initial retention and detention.

3.2.3. Green roof drainage layers parameters

The drainage layer parameters are expected to play an important
role in runoff generation, especially for full-scale roofs, as they will
define the detention process associated with the horizontal water
movement.

The only flat green roof included in the study resulted in a drainage
layer void fraction of 0.64 and a Manning’s n of 0.07. Model studies
with similar conjugated plastic drainage layers resulted in comparable
calibrated void fractions of 0.4-0.6 but lower Manning’s roughness
coefficients of 0.01-0.03 (Krebs et al., 2016; Palla and Gnecco, 2015;
Peng and Stovin, 2017). These studies were based on table scale green
roof units with drainage lengths of 2-3 m, which could explain the
differences in the findings. The SWMM manual suggests a void fraction
of 0.2-0.4 and Manning’s n values of 0.01-0.03, but without specifying
the drainage layer build-up (Rossman and Huber, 2016b).

The sloped green roofs included in the study were all equipped with
textile retention mats as the bottommost layer, while the total thickness
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Fig. 5. Runoff hydrographs for one of the calibration events at; a) grey roof (HOV1) and green roof (HOV3) at Hgvringen Trondheim, b) reference roofs at Hgvringen,
Trondheim (HOV1) and in Oslo (OSL1), ¢) Type A roofs at Risvollan, Trondheim (RIS1), Bergen (BER1) and Sandnes (SAN1), d) Type C roofs at Risvollan, Trondheim
(RIS3), Bergen (BER3) and Sandnes (SAN2). Observed runoff (Obs), simulated runoff after the one-step (One-step), the two-step calibration (Sim), the multi-site
calibration (Multi-site) and with model parameters transferred from the other sites (Cross val).

of the drainage layer varied between the different types. The drainage
layer parameters were the parameters that showed the largest variation,
both between the individual models of same type, between individual
models and multi-site calibrated models for the same type and between
the different types, in spite of the similarities of the bottommost layer.
This indicated that the SWMM green roof module have limited ability to
represent the water movement through the drainage layer, a process
considered by the authors to be quite important for modelling detention
properly on large scale roofs. This limitation of the model was also
mentioned by Krebs et al. (2016), who also applied a textile retention
mat as the bottommost layer, and by Peng and Stovin (2017), who
applied a slightly different configuration with a plastic drainage layer as
the bottommost layer.

The laboratory experiments of the textile retention mats alone were
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carried out to test whether these kinds of experiments could give model
parameters for different materials. The results showed large parameter
spans and not comparable optimal parameters to the parameters ob-
tained from field studies, and can therefore not be recommended to use
for determining model parameters. Laboratory experiments were cali-
brated based on only one high-intensity event. Repeated tests with
varying intensities might change the results but this was not tested.

3.2.4. Green roof soil parameters

Porosities were found to be larger for the reinforced vegetation mats
compared to the Type C roofs which also had an extra separate sub-
strate layer, and with small variations within the same type of green
roofs. Laboratory experiments on the Type C extra substrate gave a
porosity of 58%, which corresponded with one of the model’s optimal
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Fig. 6. Calibrated soil recovery coefficients. a) Comparison of monthly (black) or a constant (grey) value showing both median (solid) and parameter spans (dotted).
b) Calibrated soil recovery coefficients using one constant value showing optimal values and parameter spans.

value of 59% but this was higher than the other models and the multi-
site calibration value. Unfortunately, it was not possible to measure the
porosities of the vegetation mats due to the reinforced structure, but
based on visual observations it is likely that the porosities are higher in
these, as also found in the model calibration.

Soil conductivity varied both between and within the different types
of green roofs (42-1276 mm/hour), while there was slightly less var-
iation in the obtained parameters for conductivity slope (14-60) and
suction head (6-69). The SWMM manual suggests Soil Conductivity
values in the range 1000-2500 mm/hr (Rossman and Huber, 2016b),
while the German Green Roofing Guidelines give a requirement for
water permeability in the range 36-4200 mm/hr (FLL, 2008). Labora-
tory experiments with the Type C substrate gave water permeability
from 370 to 570 mm/hr, which is lower than the model parameters
found in the individual models but closer to the multi-site calibrated
value of 596 mm/hr. Krebs et al. (2016) applied a pregrown vegetation
mat (Type A) over a thicker substrate and found a Soil Conductivity of
38 mm/hr, while (Palla and Gnecco, 2015) and (Peng and Stovin, 2017)
found it to be 1000 mm/hr.

3.2.5. Gray roofs

Two models of gray roofs, one from the laboratory (LAB6) and one
field site (HOV1), were calibrated in the same way as the green roofs.
Both gray roofs were based on a lightweight expanded clay aggregate
but with varying particle size, roof size, and type of experiment (con-
tinuous versus laboratory). The drainage parameters of HOV1 showed
greater values than all other configuration (Manning’s n = 0.48). This
corresponds well to the observed runoff, with prolonged runoff com-
pared to the green roofs, however the calibrated parameters might be
too high as high flows had a tendency to be slightly underestimated
(Fig. 4a, Fig. 5a). Since the soil conductivity (vertical movement) was
very high, the horizontal movement through the expanded clay layer
was expected to provide substantial detention.

Porosity was found to be lower for the gray roof than for the green
roofs, conductivity higher, while conductivity slope and suction heads
were found to be comparable. Laboratory measured porosity was 54.2%
for the HOV1 material, much higher than the calibrated model porosity
of 35%. Field capacity and the wilting point, determining the soil re-
tention, was found to both be 15% according to the calibrated model
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parameters for HOV1. Laboratory measurements of the same material
gave a field capacity of 15.6% consistent to the model parameter, while
the wilting point was measured to be 12.6% indicating that there was a
small potential retention capacity in the material that was not found in
the model parameters. Identical values for field capacity and wilting
point in the model corresponds to no available storage capacity and
explains the large volume error of the model (Table 3). This is a strong
indication that the model does not properly represents the retention
processes. The LAB6 model gave a porosity close to the laboratory
measured 54%, while field capacity (10%) and wilting point (6.5%)
deviated largely from the model derived parameters of respectively
27% and 10%.

Runoff hydrographs were well reproduced according to NSE values
(Table 3), while the model underestimated the runoff for the upper 15%
of the data (Fig. 4a).

4. Practical implications
4.1. Laboratory measured material properties

Laboratory measurements of porosity, field capacity and wilting
point were carried out for the extra substrates used in the continuous
field observations for Type C green roofs and the HOV1 gray roof.
Laboratory measured porosities were higher than the model calibrated
porosities, while the wilting points were found to be lower in laboratory
measurements than in the model. Field capacities in the model, how-
ever, were found to be comparable to laboratory measurements of
these. Laboratory measurements of water permeability according to the
method described in the German Green Roofing Guidelines were
slightly lower than the saturated hydraulic conductivity found in the
models based on the same material. This method has been questioned
for its accuracy and the large deviation from other methods (double-
ring infiltrometer) earlier (Fassman and Simcock, 2012). Calibrated
model parameters from the synthetic rain laboratory runoff tests did not
show comparable model parameters to the models calibrated with field
observations and cannot be used to obtain model parameters. This in-
dicates that laboratory measurements should be used with caution in
the SWMM green roof module. Alternatively, one could argue that
physical measurements, when available, should be used in a physically
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Table 5

Evaluation of model transferability. Cross validation of parameters between
identical green roof build ups (Type A, Type B and Type C). Bold values indicate
acceptable model performance.

Calibration  Validation

Type A Type B Type C

RIS1  BER1 SAN1 BER4 SAN3 RIS3 BER3 SAN2
RIS1 <05 <05
BER1 0.65 0.53
SAN1 0.69 0.73
BER4 0.85
SAN3 0.75
RIS3 <05 <05
BER3 <05 0.84
SAN2 0.61 <0.5

based model to improve the model’s ability to represent unmeasured
systems. The challenges with such an approach in this study are dis-
cussed in Section 4.2. However, such an approach would simplify the
use of the model and should be investigated further with respect to
model performance and which parameters could be based on physical
measurements and which need to be calibrated.

4.2. Can the SWMM green roof LID module provide generic material
parameters?

The individually calibrated models reproduced the observed green
runoff patterns during precipitation events sufficiently, as documented
by acceptable NSE values (Table 4) and by the quantile plots (Fig. 4),
while the long-term retention processes were less well reproduced
giving variable volume errors. The SWMM green roof module is a model
based on the physical properties and processes in a green roof. Provided
that the model sufficiently reproduces the reality and measurement
inaccuracies are limited, similar generic model parameters should be
obtained when calibrating green roofs with the same roof build up at
different sites and with different climate and geometry. Such transfer-
able model parameters could then further be used for design purposes
in sites without experimental data. The individually calibrated optimal
model parameters were in some cases similar, while in other cases quite
different for the same type of roofs (Table 4a-d). One of the challenges
with model calibration is that it provides a set of optimal parameters
which together give the best model performance without addressing the
possible interdependency of the parameters. Several different para-
meter sets can give an adequate model performance, which could ex-
plain some of the variations in the obtained parameters for the same
roof types. One could hypothesize that by using fewer model para-
meters for calibration, less variation could be found. Revealing para-
meter interdependencies could give information that further could be
used to reduce the number of parameters for calibration. Inter-
dependency of parameters was investigated by visually comparing all
sets of acceptable parameter values (NSE > 0.5), by plotting all
parameter values against each other (e.g. soil porosity versus soil con-
ductivity, soil porosity versus conductivity slope and so on) for each
individual model. No repeated patterns that could have given in-
formation about interdependencies of model parameters in the SWMM
LID module were found in the plots, and this approach was therefore
abandoned. The number of model parameters could also be reduced by
fixing some of the substrate properties measured in laboratory (e.g.
water storage capacity calculated from field capacity and wilting point
in the model, which are measurable in laboratory). This would have
been a feasible approach if all water storage took place in a single layer
and was easily measurable. This was not the case in our green roof
build-ups where water storage took place in several layers (vegetation
mat, extra substrate layer, drainage layer and in textile retention mats).
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Similarly, no standardized infiltration test for measuring green roof
hydraulic conductivity in multiple layers exist. Based on this, rather
than reducing the number of calibrated parameters, this study focused
further on the transferability of model parameters between comparable
roof build-ups at different sites as a method to investigate the credibility
of the obtained model parameters.

The first approach by manually selecting a common set of parameter
values for similar roofs build-ups at different sites showed poor per-
formance with respect to reproducing the green roofs runoff pattern for
Type A and B roofs (NSE < 0.5), while the reference roof runoff and
two of the Type C roofs gave acceptable model performance
(NSE > 0.5) (Table 4a—d). The results indicated that the model para-
meter spans could not be used individually as a basis for choosing
parameter values. This was not surprising considering the inter-
dependency of some of the parameters. The second approach, cross-
validation of parameters between sites for the Type A roof showed that
the parameters obtained in RIS were not transferable to the other sites,
while the parameters obtained in BER and SAN were transferable to the
other sites when evaluated based on NSE and quantile plots (Table 5,
Fig. 4c, Fig. 5¢). The Type B roofs showed a good transferability be-
tween the two sites BER and SAN (Table 5). The Type C roof parameters
were transferable only from BER to SAN and from SAN to RIS (Table 5,
Fig. 4d). The third approach, the multi-site calibration was more suc-
cessful, resulting in common parameter sets for each green roof type as
shown in Table 5b—d, Fig. 4b—c and Fig. 5d. Model evaluation showed
these parameters to sufficiently reproduce green roof runoff patterns
(NSE > 0.5) for all tested roof types except for the Type A roofs at
Risvollan, but with some challenges associated with overestimation of
the highest flows (Fig. 4c—d). Volume errors, however, were still vari-
able and quite large as also shown and discussed in relation to the in-
dividual model calibrations.

There seems to be a better transferability of model parameters be-
tween BER and SAN, than to RIS. BER and SAN are comparable in terms
of roof size and drainage length, while the slope of the roofs are 16% in
RIS and BER and 27% in SAN (Table 1). Slope and size were accounted
for in the model but due to the experienced differences in obtained
parameters, this could not be ruled out as a possible cause. Another
more likely explanation to the differences are the differences in pre-
cipitation. Total precipitation amount was lowest in RIS, almost double
in SAN and around tripled in BER (Tablel, Fig. 1). The same pattern can
be found for the size of the events used for model calibration and va-
lidation (Fig. 3). The results indicate that the model parameters are
partly influenced by local conditions, and not totally generic model
parameters representing only the used materials. Results showed that
models calibrated with high precipitation amounts and peak intensities
were transferable to drier sites, but not the other way around. This
finding would also limit the use of models for higher intensity events
than included in the calibration process. De-Ville et al. (2018) in-
vestigated temporal variations in hydraulic parameters as retention, by
studying field capacity, and detention, by studying the scale parameter
in a fitted reservoir routing model. The study revealed large sub-annual
variations in the studied parameters, and suggested this to be caused by
temporal variation in substrate hydrophobicity/ water repellency. This
could also be a possible explanation to why model parameters differ
between similar build-ups in different climates, as some of the sites
were considerably wetter than others. The findings could also compli-
cate the modelling concept in general, and introduce errors, as model
parameters are expected to be constant and material dependent. The
multi-site calibration approach produced model parameters giving ac-
ceptable model performance for several sites, resulting in what seemed
to be a more robust model applicable for roofs with varying geometry
and climate, leading us closer to a generic model. However, there are
still questionable whether the models are generic, since the model
parameters deviate both between individual models with the same roof
build-up, between individual models and multi-site calibrated models
and from several of the laboratory measurements of material properties.
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5. Conclusions

The individual model calibration procedure using two objective
functions, RPD for volume errors and NSE for hydrograph reproduction,
gave an acceptable model performance. Runoff hydrographs for each
individual model were well reproduced (NSE > 0.56 for all individual
models, average NSE = 0.80), while the long-term modelling gave re-
latively high volume errors (average absolute volume error of 9%),
indicating that the water storage and evapotranspiration processes are
not well represented in the SWMM green roof LID module.

Manually chosen parameter sets for a given green roof build-up
based on individual model results showed in general poor model per-
formance. Model parameters obtained at one site was only partly
transferable to similar roof build-up at other sites. Transferability was
better from models calibrated with wetter climates and higher intensity
events to drier climates, than the opposite way.

Multi-site calibration resulted in model parameters performing well
for all sites and roof types except one of the configurations in
Trondheim, giving model parameters that could be used for design of
similar roof build-ups with varying geometry and climates. However
the large variability in obtained model parameters, the large volume
errors and the fact that the calibrated model parameters did not directly
correspond to measured material properties, places concerns on the
generality of the SWMM green roof LID module as design tool.
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Summary: Rooftop areas represents a considerable part of the impervious fractions of urban
areas. Detaining and retaining runoff from rooftops can significantly contribute to reduction of
runoff peaks and volumes from urban areas. Typically a vegetated green roof has been the one
most commonly used to achieve this. However, in climates with limited evapotranspiration, a
blue-grey system of a detention filtermedia can be a option. A blue-grey field site was
established at a coastal area of Trondheim during 2016. It will provide long-term data collection
and serve to increase knowledge in terms of design and behavior of blue-grey roofs as

stormwater controls in cold climate.




Modelling of Green and Grey Roofs in Cold Climates using EPA’s Storm Water
Management Model

Vladimir Hamouz, Tone Merete Muthanna

Department of Civil and Environmental Engineering, Norwegian University of Science and Technology (NTNU).

Keywords: Green/grey roof; Storm Water Management Model (SWMM); Hydrological

performance; Long-term simulation.

Abstract: Rooftops retrofitting, typically extensive green roofs, is a favoured sustainable
drainage system technology in densely developed urban areas. They provide multiple benefits
in terms of stormwater retention and runoff detention. The latest version of Storm Water
Management Model (SWMM) 5.1.012 with Low Impact Development (LID) Controls was
used to model hydrological the performance of a green and grey (non-vegetated) roof by
defining the physical parameters of individual layers in LID Control editor. In this study, high-
resolution 1-minute data from a previously monitored green and grey roof were used to
calibrate the SWMM LID Green Roof module. Results from the un-calibrated model were
unsatisfactory considering the hydrological response of the green and grey roof. After
calibration, the observed and simulated runoff had Nash-Sutcliffe model efficiency (NSME) of
0.88 (green roof) 0.68 (grey roof). This indicates that better fit between observed and modelled
runoff could be achieved with calibration, primarily of the grey roof. Ideally the calibrated
parameter set of the LID modules should be transferable between watersheds given the same
LID structural build up. This should be investigated through further research finding the

optimal parameter set, and data validation of proposed parameters across catchments.
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