LUND UNIVERSITY

Blue-green stormwater systems for citywide flood mitigation
Monitoring, conceptualization, modeling, and evaluation
Haghighatafshar, Salar

2019

Document Version:
Publisher's PDF, also known as Version of record

Link to publication

Citation for published version (APA):

Haghighatafshar, S. (2019). Blue-green stormwater systems for citywide flood mitigation: Monitoring,
conceptualization, modeling, and evaluation. [Doctoral Thesis (compilation), Division of Chemical Engineering].
Lund University, Faculty of Engineering.

Total number of authors:
1

General rights

Unless other specific re-use rights are stated the following general rights apply:

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors
and/or other copyright owners and it is a condition of accessing publications that users recognise and abide by the
legal requirements associated with these rights.

» Users may download and print one copy of any publication from the public portal for the purpose of private study
or research.

* You may not further distribute the material or use it for any profit-making activity or commercial gain

* You may freely distribute the URL identifying the publication in the public portal

Read more about Creative commons licenses: https://creativecommons.org/licenses/

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove
access to the work immediately and investigate your claim.

LUND UNIVERSITY

PO Box 117
221 00 Lund
+46 46-222 00 00


https://portal.research.lu.se/en/publications/3a0d53c5-0d4e-485c-bc78-6837a1d35cdb

Blue-green stormwater systems

for citywide flood mitigation

Monitoring, conceptualization, modeling, and evaluation

SALAR HAGHIGHATAFSHAR | CHEMICAL ENGINEERING | LUND UNIVERSITY







Blue-green stormwater systems for citywide flood mitigation






Blue-green stormwater systems for
citywide flood mitigation

Monitoring, conceptualization, modeling, and evaluation

Salar Haghighatafshar

LUND

UNIVERSITY

DOCTORAL DISSERTATION

by due permission of the Faculty of Engineering, Lund University, Sweden.
To be defended at Lecture Hall K:C at the Centre for Chemistry and Chemical
Engineering, Naturvetarvigen 14, Lund, on Friday, October 25, 2019, 9:15 AM.

Faculty opponent
Professor Wolfgang Rauch
Department of Infrastructure Engineering, University of Innsbruck



Organization Document name
LUND UNIVERSITY DOCTORAL THESIS
Water and Environmental Engineering,
Department of Chemical Engineering
P.O. Box 124, SE-221 00 Lund, Sweden

Date of issue

2019-09-16
Author(s) Sponsoring organizations
Salar Haghighatafshar Sweden Water Research AB, The Swedish Water and

Wastewater Association via VA-teknik Sédra, VINNOVA, J. Gust.
Richert Foundation (at SWECO), VA SYD, DHI, Skanska
Ingenjorsklubben

Title and subtitle
Blue-green stormwater systems for citywide flood mitigation
Monitoring, conceptualization, modeling, and evaluation

Abstract

Considering the growth in urbanization, leading to an increase in impervious surfaces, and the changing climate,
enhancing the intensity and frequency of rainfall events, existing urban drainage networks—separate or
combined sewer systems—are presumed to face substantially elevated hydraulic loads, causing pluvial floods
in urban areas.

There are several ways to address these challenges. Cities can invest in replacing existing pipes with new larger
pipes to enhance the hydraulic capacity of the drainage network. This solution is considered to be extremely
expensive and unsustainable. An alternative solution is to manipulate urban surfaces by constructing blue-green
(open) stormwater systems. These systems are built on urban surfaces and include approaches that mimic
natural processes, such as infiltration, evaporation, transpiration, pond storage, and slow transport of stormwater
through ditches. The implementation of blue-green stormwater systems in dense cities would, to some extent,
relieve the overload. However, the method for identifying urban areas in which the implementation of blue-green
stormwater systems would have a larger effect hydraulically on the existing sewer network is unestablished.
Thus, general aim of this thesis was to develop a method for studying the interactions between piped drainage
networks and blue-green stormwater systems on the city-scale, performed in four steps, which shape the
backbone of this thesis:

. An existing blue-green stormwater system—i.e. the Eco-city of Augustenborg in Malmé—was
examined to understand how such systems work, locally and regarding the surrounding
neighborhoods.

. A simple conceptual model for blue-green stormwater systems was proposed.

. Based on the proposed concept, a fast, easy-to-use, and robust modeling tool was developed,
making it possible to simulate the interaction between blue-green stormwater systems and sewer
networks.

. The modeling tool was supplemented with a hydroeconomic optimization algorithm and evaluated
on the city-scale to identify the most effective site and size for blue-green stormwater systems
throughout the catchment of the sewer network.

The developed method and toolchain constitute a new platform for increasing our understanding of complex
urban drainage networks. This platform is also a starting point for the development of a more reliable tool for the
initial screening of urban catchments to identify urban areas in which it is hydraulically and economically efficient
to construct neighborhood-scale blue-green stormwater systems.

Keywords: blue-green measures, drainage system, flooding, flood mitigation, hydrodynamic modeling, rainfall-
runoff, stormwater

Classification system and/or index terms (if any)

Supplementary bibliographical information Language: English
ISBN 978-91-7422-681-2 (print) ISBN 978-91-7422-682-9 (pdf)
Recipient’s notes Number of pages: 133 Price

Security classification

1, the undersigned, being the copyright owner of the abstract of the aforementioned dissertation, hereby grant to all
reference sources permission to publish and disseminate the abstract of the aforementioned dissertation.

Signature i J [70 y, Date _2019-09-1¢

Z s




Blue-green stormwater systems for
citywide flood mitigation

Monitoring, conceptualization, modeling, and evaluation

Salar Haghighatafshar

LUND

UNIVERSITY



Front cover photo by Salar Haghighatafshar
Back cover photo by ©Fotokon | Adobe Stock

Copyright pp 1-46 (Salar Haghighatafshar)
Paper 1 © Elsevier B.V.

Paper 2 © by the Authors (Open access)
Paper 3 © Elsevier B.V.

Paper 4 © Elsevier B.V.

Lund University
Faculty of Engineering
Water and Environmental Engineering, Department of Chemical Engineering

ISBN 978-91-7422-681-2 (print)
ISBN 978-91-7422-682-9 (pdf)

Printed in Sweden by Media-Tryck, Lund University
Lund 2019

w Ngco

Media-Tryck is an environmentally
// certified and I1SO 14001:2015 certified
'(’I provider of printed material.

Read more about our environmental
work at www.mediatryck.lu.se

MADE IN SWEDEN =



The difference between state and knowledge - in questions of belief - is
the same as that between talking [about qualities] and having them.

The Mugaddimah — Ibn Khaldun (1332-1406 A.D.)






Table of Contents

Acknowledgments ...........ccovueiriiiniiiniiie e i

SUIMUIIALY ¢ttt ettt se e s sr e e eae iii

Aoy o (Abstract in Persian) ......oeeeveevverierieieinineneieeeeeeee e vii
Populirvetenskaplig sammanfattning

(Popular science summary in Swedish) .....c.coccovviiiiinniniiniiics ix

LIST OF PAPEIS c.enintiieiieiieieei ettt xi

My contribution to the papers........ccceceeerereriiiiiiininirereccceeeeae xiii

Related publications .........cc.ceveveiiiiiiiniiniiicicicieeecceeee e Xv

Nomenclature and abbreviations ...........cccoecivieinievinciineinccicncnce xvii

1 INErOAUCTION .evtiiviiiiiiiiiiecierteeete ettt 1

1.1 Why blue and green? ..........cccceoiiiiiiiiniiiiiiiice, 2

1.2 ALttt st 5

1.3 Outline of the thesis .....ccceovevieiriiiniric e 5

2 Eco-city Augustenborg: A blue-green retrofit.........cccvevuevueviiniiiiincnennens 7

2.1 Stormwater ManagemenT ........cuevuriuerieiueieiieieeeenirseeie s seessens 9

2.2 Rainfall-runoff measurements ........c.coevvevieieiinininincncieiceeceene 11

2.2.1  EITOI SOUICES....cuiiiiiiiiciictceice s 14

2.3 When it rains in Augustenborg ..........ccccoevveueiniiiiiinicieee 15

2.3.1 Local effects of a blue-green system.........ccccccevueivicincnnnne. 15

2.3.2  Downstream effects of a blue-green system ..........cccceueueneeee. 17

3 Model development ..........cccvvviiniiiiiiiiiiiiiis 19

3.1 Concept development.........cceeiririenienienieiiiiiininieeeeeee e 20

3.2 Mathematical formulation of the concept .....c.ccccvveeiveiiniiicnncns 21

3.3 Joint model architecture.......cceoveeuieieriieieieieeee e 25

4 From meso- to macroscale: Upscaling and optimization .............c.cucue.e. 29

4.1  Hydroeconomic optimization ...........ccceecerueinreinerincnincnineneeennenes 30



4.2 Implementation of the toolchain.........cccoccoeiiniiiiniinis 33
CONCIUSIONS tevvvieerrrrieeeeeiiiiiitreeeeeeeeeessssrreeeeesesssssssreeseessssssssresesssssssssnnns 37
FUture reSEarch.....ccoouvvvviiiiiiiiiiieieeeeeeeeeiieeeeeeeesesarreeeeessssasarsreeeeessns 39

S TS 0 11 S STR 41



Acknowledgments

The story of this PhD project was initiated long ago by Henrik Aspegren and Jes la
Cour Jansen and has continued with my participation in this project and the pursuit
of its goals. Therefore, I thank Henrik and Jes for conceiving of such a bright research
idea and maintaining all of the required financing.

I owe the realization of this thesis to many people with whom I have had the honor
to work. I express my sincere gratitude to my main supervisor, Karin Jonsson, and
my assistant supervisors—/es la Cour Jansen, Henrik Aspegren, and Maria Roldin—
who have made essential contributions throughout all of the stages of my PhD study.
Thank you for all of the fruitful discussions and professional and emotional support.
Your encouraging attitudes and trust in me were indeed major driving forces for my
progress and development in research.

Ialso thank the personnel at VA SYD—namely, Tomas Wolf; John Hiigg, Asa Sinner,
Leif Johansson, Jan Hyvonen, Tom Almén, Engin Alioglu, and Timmy Kristensson—for
their invaluable help with practicalities with regard to field measurements. I also
thank Hans Bertil Wittgren, Marianne Beckmann, Susanne Steen Kronborg, Emma
Falk, and Kristina Hall, also at VA SYD, for their support during the course of this
PhD project.

I am grateful to all of my co-authors, especially Mikael Yamanee-Nolin and Anders
Klinting, for their vital contributions of Python coding and programming. Thanks
to Lars-Goran Gustafsson and Magnus Larson for generously sharing their long
experience and invaluable expertise in hydrodynamic modeling with me. I thank Per
Becker, who has been a source of inspiration and unconditional help and support.

I am grateful to my ex-officemate, research partner, discussion comrade, and, above
all, dear friend, Hamse Kjerstadius, or Hamsman (as some call him), to whom I owe
much. You have no idea how all of those moments of exchanging ideas and reflecting
over countless socio-political, cultural, and sometimes scientific issues provided me
with new perspectives on life and the world.

I thank my dear colleagues and fellow PhD students in the Department of Chemical
Engineering at LTH, Lund University, especially in the Water and Environmental
Engineering group, for creating a lovely, comfortable, and constructive work
environment.

Thank you, Gertrud Persson, for being a nice and helpful friend to me and my family
all of this time.



I have also had the honor of supervising several talented and smart students in their
master’s theses, whom I sincerely acknowledge.

I am thankful to my project partners in the Sustainable Urban Flood Management
project (SUrF) at Lund University and the Future City Flow project at Sweden
Water Research for all of the interesting and constructive discussions over the past
several years. I sincerely thank Misagh Mottaghi for helping me develop illustrations
for this thesis. Thanks to Henrik Thorén for allowing me to use his photo, taken at
Augustenborg under extreme rainfall on August 31, 2014 (Figure 8).

During my PhD project, I have had the opportunity of receiving financial support
from Sweden Water Research AB, VINNOVA (Future City Flow project), the
Swedish Water and Wastewater Association (Svenskt Vatten) through VA-reknik
Sodra, ]. Gust. Richert Foundation at SWECO, and Skdnska Ingenjorsklubben.

Many thanks to DHI Sweden and DHI Denmark for giving me access to their
commercial software products—MIKE Urban, MIKE 21, MIKE Flood, and MIKE
Operations—throughout my tenure.

I express my deep gratitude to my dear brother, Sina Haghighatafshar, for
proofreading the whole thesis. I am very grateful to my dear friends, Kurosh Aliyani,
Mehdi Mousavi, and Saeed Edalatjou, who kindly proofread and revised the Persian
abstract of this dissertation. I also thank Michael Cimbritz for proofreading the
Swedish popular science summary of this thesis.

Finally, my most intimate gratitude goes to my lovely family. I am truly grateful to
my parents, who have always supported me with love, care, encouragement, and
passion throughout my life. I am also deeply indebted to Mana, my beautiful wife,
and my sweet children, Sam and Elsa. I would have barely made it to the end of this
road without your love and dedication. I love you all!

ii



Summary

Based on the growth in urbanization, which has increased the amount in impervious
surfaces, and the changing climate, which has intensified the extent and frequency
of rainfall events, existing urban drainage networks—separate or combined sewer
systems—are presumed to face substantially greater hydraulic loads, causing pluvial
floods in urban areas.

There are several means of addressing these challenges. Cities can invest in replacing
existing pipes with newer, larger pipes to improve the hydraulic capacity of the
drainage network, but this option would be extremely expensive and unsustainable.
An alternative solution is to alter urban surfaces by constructing blue-green (open)
stormwater systems, which include approaches that mimic natural processes, such as
infiltration, evaporation, transpiration, pond storage, and slow transport of
stormwater through ditches. The implementation of blue-green stormwater systems
in dense cities would, to a certain extent, mitigate this overload. However, there is
no method for identifying urban areas in which the implementation of blue-green
stormwater systems would have a larger effect hydraulically on the existing sewer
network.

Thus, general aim of this thesis was to develop a method for studying the interactions
between piped drainage networks and blue-green stormwater systems on the city
scale, comprising four steps:

e An existing blue-green stormwater system—i.e. the Eco-city of
Augustenborg in Malmé—was examined to understand how such systems
work, locally and regarding the surrounding neighborhoods.

e A simple conceptual model for blue-green stormwater systems was
proposed.

e Based on the proposed concept, a rapid, easy-to-use, and robust modeling
tool was developed, making it possible to simulate the interaction between
blue-green stormwater systems and sewer networks.

e The modeling tool was complemented by a hydroeconomic optimization
algorithm and evaluated on the city scale to identify the most effective site
and size for blue-green stormwater systems throughout the catchment of the
sewer networks.

This thesis examined a specific setup of blue-green stormwater systems, suggested to
be called mesoscale blue-green stormwater systems. These systems consist of multiple
interconnected blue-green measures for retaining and detaining runoff that have a
pronounced role in the transformation of neighborhoods into large blue-green
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retention cells. The Eco-city of Augustenborg is an archetype of mesoscale blue-green
stormwater systems.

A case study in Augustenborg was performed, encompassing onsite rainfall-runoff
measurements and extensive 1D/2D modeling. This study revealed that the
mesoscale blue-green systems in Augustenborg are effective in controlling and
confining surface floods at the local level. The influence of the mesoscale systems
was not limited to the local boundaries, also affecting the surrounding pipe-bound
catchments.

The case study in Augustenborg illustrated that the outflow hydrograph from a
mesoscale blue-green stormwater system under a 100-year rainfall is equivalent to
that of a 6.5-year rainfall from a conventional pipe-bound catchment. This
substantial downsizing can relieve the hydraulic pressure that builds up in receiving
sewer systems that are designed to handle rainfalls of up to a specific recurrence
interval. Also, the spatial distribution of constituent retention components (i.e.,
blue-green measures) in a mesoscale blue-green stormwater system governs the
hydrographical characteristics of the final discharge from the system. This
observation then formed the basis for the conceptualization of mesoscale blue-green
stormwater systems.

The concept of mesoscale blue-green systems was further developed into a
mathematical model that simulated the final outflow from the system. This model
used the mass conservation principle, but for greater simplicity and simulation speed,
it did not include a detailed description of the flow process that follows the
conservation of momentum. Thus, a nonlinear reservoir model was introduced to
generate the detention effects in the outflow hydrograph. The model successfully
simulated the peak flow, lag time, and overall characteristics of the resulting
hydrograph. The rapid simulation speed of the mathematical model facilitated city-
scale simulations in studying how the interaction between blue-green
implementations and existing sewer networks can be optimized for sustainable flood
mitigation.

Subsequently, a software program for cosimulation of mesoscale systems and sewer
networks was architected, and a multiobjective optimization algorithm was docked
with the cosimulation model. The software was applied to the large catchment area
of a combined sewer system in Malmd, Sweden, encompassing an area of over 950
ha, to hydroeconomically identify the optimal sizes and locations of mesoscale
systems to be retrofitted in the catchment. The optimization was based solely on
flooding costs and the outlays for construction and maintenance of blue-green
systems. Consequently, the results tentatively implied that the safety margins for
economic justification of mesoscale retrofits in the framework of a large-scale
combined sewer network are relatively small. This finding encourages a more
detailed and thorough survey of the costs and benefits of blue-green systems. It is

iv



anticipated that monetizing the advantages of blue-green systems, such as improved
biodiversity, mitigation of urban heat islands, enhanced quality of runoff, and greater
neighborhood amenities (by juxtaposing water and greenery), will have a
considerable impact on the outcome of the optimization.

The results from the model also imply that when blue-green retrofits are drained
into the original sewer network, there are blue-green retrofit scenarios in which the
overall flood performance of the sewer network deteriorates in terms of the number
of flooded manholes. This conclusion is tentatively associated with the high
complexity of networks on the city scale, through which even retained and detained
blue-green discharges can coincide with peak flows in the pipe, giving rise to
hydraulic head and, hence, flooding. Thus, the discharge from mesoscale blue-green
retrofits should preferably not be connected to the original network if the economy
and local circumstances allow. In other words, it is hydraulically safer and more
beneficial, with regard to the underlying sewer network, to eliminate the impact of
the catchment than to discharge detained and delayed flow to the downstream
network.

The more stringent demands for flood mitigation in the context of combined sewer
networks and the large areas of city-scale catchments (leading to high dimensionality
and complexity) render optimization a challenging issue. Thus, further enhancement
of the method is required to screen urban catchments to identify areas in which it
would be hydraulically and economically efficient to retrofit blue-green stormwater
systems. The resulting platform will help users better understand the complex nature
of sewer networks in their interaction with mesoscale blue-green stormwater systems.
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Populirvetenskaplig sammanfattning
(Popular science summary in Swedish)

Enligt FN kommer mer 4n tva tredjedelar av virldens befolkning ar 2050 att bo i
urbana omraden. Detta betyder att vi kommer att ha storre stider vilket in sin tur
innebidr fler hardgjorda ytor som tak och asfalterade ytor. Klimatf6rindringarna
medfér ocksa mer frekventa och kraftigare regn. Kombinationen av allt fler
hardgjorda ytor och 6kande regnintensitet gor att de befintliga ledningsniten i vira
stader som ska ta hand om dagvattnet blir 6verbelastade och darfér kommer vi att fa
urbana versvimningar oftare in vad systemen dimensionerats fér. Dagvatten ir det
vatten som rinner av markytan vid nederbérd.

Det finns olika sitt att méta de hir svirigheterna. Man kan utéka ledningsnitets
kapacitet genom att bygga fordrojningsmagasin och genom att ersitta de befintliga
nedgrivda ledningarna med nya storre ledningar. Dessa 16sningar blir bade dyra och
ohallbara eftersom de inte ger den flexibilitet som behovs f6r att hantera framtidens
osikra klimatforhallanden. Oavsett hur stor ledning eller hur stort
fordrojningsmagasin som byggs, kommer systemet att ha en begrinsad kapacitet som
kan 6verskridas vid nagot regntillfille. Dessutom fungerar alltfér stora ledningar
diligt vid liga floden, vilket trots allt kommer att vara fallet merparten av tiden. Den
alternativa 16sningen ar att forindra urbana ytor genom att anligga bli-grona
(6ppna) dagvattensystem. Blagrona dagvattensystem anliggs pd ytan och hirmar
naturens processer for avrinningshantering, genom infiltration, avdunstning,
transpiration (avdunstning via vixter), magasinering i dammar och langsam
avledning av vattenfloden i diken. Exempel pa sidana l6sningar dr grona tak,
dammar, kanaler och svackdiken. Nir man infér de hir blagrona 16sningarna i den
tita staden, avlastar man det befintliga ledningsnitet, men det ir svért att veta hur
stora blagrona dagvattensystem som behdvs och var i staden de bor anliggas for att
uppnd bista effeke. Det generella malet med denna avhandling var dirfor att utveckla
en metodik och ett verktyg for att studera hur vi med bligrona 18sningar kan minska
risken for och konsekvenserna av 6versvimningar i en hel stad.

For att kunna uppna detta mal togs fyra viktiga steg:

e Floden fran ett blagront dagvattensystem i Ekostaden Augustenborg i
Malmo, undersoktes och utvirderades for att forstd hur sidana system
fungerar lokalt och i samspel med andra stadsdelar.

e En enkel beskrivning av bligrona dagvattensystem foreslogs.
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e Baserat pid det foreslagna konceptet utvecklades ett forenklat
modelleringsverktyg - ldtt att anvinda, snabbt och robust - vilket méjliggor
simulering av interaktionen mellan bligréna dagvattensystem och
ledningsnit.

e  Modelleringsverktyget kompletterades med en storskalig, flodesbaserad och
ekonomisk optimeringsfunktion for att kunna ta fram bista placering och
utformning av bligrona dagvattensystem.

Studien visade att bligrona dagvattensystem kraftigt kan minska utflédet fran ett
omrade till ett ledningsnit. Det visades ocksd att utflédet beror pa i vilken ordning
de blagrona losningarna dr placerade i systemet. Men det kan vara si att
oversvimningsrisken till och med 6kar om de bligrona systemen inte infors pa ett
genomtinke sitt i stider.
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1 Introduction

Climate change is anticipated to have tremendous impacts on human health and
quality of life through its potential effects on natural ecosystems. A study by Thomas
et al. (2004) shows that a mid-range rise in temperature of 1.8-2 °C by 2050 might
raise the risk of extinction for at least 24% of species. This rate becomes more
dramatic if the average temperature rises by more than 2 °C or if the projection
period is extended to 2100, putting most ecosystems in danger. These changes would
endanger the well-being of humans through increased food insecurity as a result of
the extinctions and the loss of 7% to 10% of rangeland livestock (Hoegh-Guldberg
et al., 2018).

The consequences of climate change on humans are not merely limited to
disturbances in natural ecosystems. Urban areas are also prone to climate change due
to increased risks for landslides, air pollution, drought, water scarcity, inland and
coastal flooding, heat stress, sea level rise, storm surges, and storms and extreme
precipitation (IPCC, 2014). Consequently, additional vulnerabilities—primarily
water-related—might prevail, depending on the efficiency and function of the
infrastructure on which cities rely.

The urban drainage system has been a crucial infrastructural element in urban areas
since the middle of the 19" century. Already at the beginning of the 20™ century,
discussions arose, questioning the sufficiency of urban drainage capacity due to

frequent basement flooding (Lloyd-Davies, 1906):

“Owing to the rapid and continuous growth of towns and cities under modern
conditions, the accurate estimation of storm-water in main-sewerage systems and its
adequate elimination therefrom has become an important and difficule problem.
Serious flooding of basements and cellars connected with sewers in low-lying districts
is of frequent occurrence during heavy rainfall; whilst the failure of culverts due to
water-ram from the storm-wave, particularly in ground of a yielding nature, is by no
means rare.”

Today, flooding problems have escalated due to, inter alia, climate change (e.g.,
higher risk for extreme precipitation), intensified urbanization, and densification of
cities (Berndtsson ez al., 2019). According to the United Nations Office for Disaster



Risk Reduction, flood disasters' have experienced a dramatic increase in number and
frequency since 1980 (UNDRR, 2018). Figure 1 shows the number of various
natural disasters that occurred globally between 1980 and 2011. The situation is
anticipated to deteriorate, because the urban population of the world is projected to
rise to 68% by 2050 (UN, 2018) compared with today’s 55%, substantially boosting
urbanization and vulnerability. According to the World Economic Forum Global
Risks Perception Survey 2017-2018, extreme weather events, natural disasters, and
failure of climate change mitigation and adaptation are the top three high impact-
high likelihood risks in the global risks landscape (Schwab and Brende, 2018).
Increased urbanization in an enormously uncertain future climate will subject urban
infrastructures and urban ecosystems to greater economic, social, environmental, and
biophysical tension and insecurity (DellaSala and Goldstein, 2017).
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Figure 1.
Total number of natural disasters worldwide caused by floods, storms, droughts and temperature between 1980 and
2011 [after source data from UNDRR (2018)].

1.1 Why blue and green?

Flooding, in the context of this thesis, is the result of an overwhelmed drainage
system due to the overload of precipitation, known as pluvial flooding. Overloading
due to rain, however, is not the only cause of flooding. Clogged street drains, blocked

' A disaster, according to UNDRR, is “a serious disruption of the functioning of a community or a
society at any scale due to hazardous events interacting with conditions of exposure, vulnerability
and capacity, leading to one or more of the following: human, material, economic and
environmental losses and impacts.”



gully pots, and malfunctioning pumps can also cause flooding, underscoring the
importance of maintenance in urban drainage.

The conventional drainage system, based on pipes, pumps, and manholes, is
designed through a deterministic approach—i.e., the hydraulic capacity of a drainage
network suffices for a specific hydraulic load. This load is calculated, based on the
catchment characteristics and design storm, the latter of which, at least in Sweden,
is a block rain or Chicago Design Storm (CDS) (Keifer and Chu, 1957) with a given

recurrence interval.

The deterministic approach in the design of urban drainage networks is practiced
globally as the heritage of an old engineering culture (Rauch ez 2/, 2002; Butler and
Davies, 2011). An outcome of the deterministic design method is that the designed
structure will fail as soon as the imposed load exceeds the design load. Such designs
have their roots in the fail-safe design mindset, also known as engineering resilience,
which is based on efficiency, constancy, and predictability (Holling, 1996). A
problem that emerges is that in future scenarios that are based on climate change and
anthropogenic variations, constancy and predictability are severely undermined,
introducing large uncertainties regarding future meteorological scenarios. This
argument has been broached and discussed by researchers, who have advocated new,
alternative design paradigms and appropriate solutions for urban water management,
including urban runoff (Milly ez a/., 2008; Carpenter et al., 2009).

The deterministic approach also affects the way that we design local drainage
networks. In many cases, the comprehensive plans of municipalities for cities take
landownership into account in delineating urban districts. A direct consequence of
this approach is that during the detail-planning phase of a district, the planners
realize that the drainage area is not limited to the boundaries of the target district.
Thus, designing a drainage system requires deterministic assumptions with regard to
the land use of the unplanned proportions of the drainage area. These assumptions
might be realized in future detail plans (or not), introducing another source of
uncertainty to the design process (Becker, 2018).

Intensifying urbanization, an uncertain and changing climate, and the current rigid
design practice have necessitated an urgent transition in how urban infrastructure—
namely, urban drainage systems—should be designed and developed for future
scenarios. One alternative to alleviate the future pressure on drainage systems is to
introduce blue-green stormwater systems to urban catchments. These systems add
flexibility and adaptability to the drainage system compared with piped drainage
(Ashley ez al., 2016). The blue-green stormwater system is a concept in the context
of sustainable drainage systems (SuDS), emphasizing the deliberately designed
presence of water on urban surfaces (b/ue) and the inclusion of vegetation (green)
through interactive relationships (Walmsley, 1995; Stahre, 2006, 2008; Fletcher ez
al., 2015). This setup is an implicit indication that blue-green stormwater systems



are those that are implemented on urban surfaces, contrary to underground
detention basins and storage units, which, in some cases, are also classified as SuDS

(Cunha et al., 2016).

Blue-green stormwater measures, termed stormwater control measures (SCMs) in
the appended papers, can be implemented on various scales. As discussed in Paper I
and Paper II, three scales of implementation can be defined:

o Microscale measures, which consist of single, discrete blue-green measures that
are locally retrofitted, from which discharges run directly into the receiving
system (e.g., piped network and natural body of water).

o Mesoscale measures (systems), comprising multiple interconnected microscale
blue-green measures in which the discharge from the upstream measure is
diverted to the next immediate downstream measure. In mesoscale blue-green
systems, the discharge from the most downstream measure is connected to
the receiving system.

®  Macroscale measure is the upscaled implementation of mesoscale blue-green
systems that cover a broader urban area.

Figure 2 shows schematics of the various implementation scales of blue-green
measures with respect to the piped drainage network.

Aggregation of single measures Upscaling of mesoscale systems

7N

Microscale Mesoscale Macroscale
(Scattered/Single) (Neighborhood scale) (City scale)

Measure, Measure, Measure; Measure, Piped drainage
network
— _
O 7 )
\_/ L] L_J
Microscale Mesoscale Macroscale
(Single measure) (Group of measures) (Citywide implementation)

Figure 2.
Micro-, meso-, and macroscale blue-green stormwater measures within the scope of this thesis (adapted from
Paper II).



1.2 Aim

It is anticipated that optimized retrofits of mesoscale systems throughout the entire
piped catchment will have significant effects on flood mitigation. The general aim
of this thesis is therefore to develop a method and tool to study the citywide effects
of blue-green stormwater systems on the loading and performance of traditional
pipe-based sewer networks.

However, to fulfill this aim, four crucial steps must be taken:

o Understanding. A full-scale existing mesoscale blue-green stormwater system
must be studied and evaluated with respect to its local effects and how the
surrounding catchments, upstream and downstream, interact with the blue-
green system.

o Conceptualization: A simple, representative conceptual model for mesoscale
blue-green stormwater systems must be developed.

®  Mathematical formulation: Based on the proposed concept above, a suitable
modeling tool—fast, easy-to-use, and robust—with the ability to simulate
the interaction between blue-green stormwater systems and the pipe
network, has to be developed.

®  Evaluation: The developed method and tool should be evaluated against an
actual large-scale drainage context, providing us with lessons on and a
deeper understanding of how complex drainage systems behave under
various blue-green scenarios.

1.3 Outline of the thesis

The thesis is structured to reflect the aim of the study, as stated above, which is also
consistent with the appended papers (Papers I, II, III, and IV). In the following
chapter, the study area, Augustenborg, is presented, as is the measurement network
that was set up in the area. In the same chapter, the results from Paper I on the
efficiency of the local blue-green stormwater system in Augustenborg and its
potential impacts on surrounding catchments are discussed.

Next, Paper II and Paper III, in which the development of the model—from
conceptualization to mathematical implementation—are discussed. Paper II
conceptualizes the definition of the mesoscale blue-green stormwater system and
provides a better understanding of the dynamics through which discharge from the
system is initiated. Paper III is built on the concept and scheme in Paper II and



suggests a rapid, physically based rainfall-runoff model for mesoscale blue-green
stormwater systems.

The findings in Paper I and Paper II are combined with the rapid model that is
introduced in Paper III, together forming the basis for the upscaling/optimization
study that was performed and presented in Paper IV.



2 Eco-city Augustenborg:
A blue-green retrofit

The implementation of blue-green stormwater systems in the outskirts of cities in
new developments, where land and available space are less limited, is relatively
established and is being practiced. However, the circumstances in inner-city
catchments differ. Most cities are highly urbanized in central districts and suffer from
limited space for implementation of blue-green stormwater retrofits. Moreover,
other factors, such as the roles and responsibilities of land owners, legal and
institutional frameworks, political will and interest, economic stress, and lack of
knowledge, are obstacles that impact the feasibility of retrofitting blue-green
stormwater systems in such areas (Wihlborg ez al., 2019).

Due to these issues, there are few full-scale examples of mesoscale blue-green
stormwater systems in densely populated inner-city catchments. Augustenborg, in
Malmo, Sweden, is one of the few successful implementations of a blue-green
stormwater system in a central urban catchment (see Figure 3).

This area, constructed in the 1940s and 1950s, encompasses approximately 33 ha,
consisting primarily of 3- to 6-story residential buildings (Stahre, 2008; VA SYD,
2008). Augustenborg was originally part of the combined sewer catchment that
suffered from frequent basement flooding as a result of its hydraulically overloaded
sewer system during heavy rainfall events (Stahre, 2008). In the 1970s, due to social
and economic problems and degraded buildings and outdoor spaces, the inhabitants
of Augustenborg began their egress from the area, further deteriorating the social
status of Augustenborg.

Since the mid-1990s, city authorities had been developing action plans to restore the
social, economic, ecological, and physical status of the area, eventually deciding to
upgrade its overall status by transforming it into an eco-city prototype (Stahre, 2008;
Bernstad Saraiva Schott e# a/., 2013; Malmé stad, 2017). The required funding was
provided by the municipality of Malmé, the municipal housing company in Malmé
(MKB), EU Life Fund, and the Swedish government. Paralleling fundamental
changes in the area, such as solid waste management, improved energy efficiency,
and increased urban biodiversity, the stormwater management system in
Augustenborg underwent substantial transformation. The runoff from the area was



disconnected from the combined sewer network and instead was led through
mesoscale blue-green stormwater systems.

Since the implementation of blue-green retrofits in Augustenborg in the late 1990s,
it has been generally believed and claimed repeatedly in the urban water sector that
the new stormwater system has had a tremendous impact on flood reduction in the
area. However, because the area was a real-life urban project for everyday use (not a
research facility), performing hydraulic and hydrologic research in the area
encountered serious hurdles with regard to the installation, maintenance, and safety
of the equipment. Despite these difficulties, several studies on the hydraulic
efficiency of the blue-green stormwater measures in Augustenborg have been
published (Villarreal ez al., 2004; Bengtsson ez al., 2005; Villarreal and Bengtsson,
2005; Villarreal, 2007; Shukri, 2010; Kibirige and Tan, 2013), but none has
addressed its full-scale performance with respect to flood mitigation capacity and its
impacts on the surrounding catchments and neighborhoods.

Malmo, Sweden

Canal of Malmé

—— Stormwater pipe/‘/

Figure 3.

Location of Augustenborg in the city of Malmd, Sweden, is illustrated in the aerial photo of the city. The path of the
separate stormwater pipe (the yellow polyline) that carries the stormwater discharge from all of the subsystems of
Augustenborg directly to the canals of Malmo (the light blue surfaces) is also shown (the background orthophoto is
courtesy of the Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmateriet).



2.1 Stormwater management

Augustenborg, as it exists today, comprises two major blue-green stormwater
systems: one each in the south (Southern retrofit, implemented 1999-2001), with a
drainage area of roughly 9.6 ha, and north (Northern retrofit, implemented 2002-
2003), with a drainage area of approximately 6.3 ha. In addition, a separate local
stormwater pipe system was constructed in 2003, covering a drainage area of about
3.5 ha. These three subsystems of Augustenborg are illustrated in Figure 4.

The Southern retrofit was constructed ambitiously. It is more diverse and consists of
various types and designs of blue-green stormwater measures. Approximately 1 ha of
green roofs was installed in the southeast corner of the retrofit, primarily in the area
that belongs to the municipality of Malmé. The open channels and wet and dry
ponds of the retrofit were designed aesthetically to match the typical character of the
area. In addition, all downpipes were disconnected from the pipe network and
instead were led down to concrete open gutters that were incorporated in walkways.
Generally, the presence and visibility of water are noticeable throughout the
Southern retrofit. This part of Eco-city Augustenborg is reportedly designed to be
able to manage rainfall with a recurrence interval of about 25 years.

The Northern retrofit, in contrast, encompasses a smaller area and was designed to
handle a 10-year rainfall. The diversity of the implemented blue-green measures is
low, consisting of swales, channels, and wet ponds. The downpipes in this section of
the Eco-city lead straight down into the ground, connecting to a nearby ditch.
Unlike the Southern retrofit, there are no open gutters in the walkways of the
Northern retrofit; rather, grated channels are used. The specific design of the
Northern retrofit has decreased the visibility of water over the drainage area,
compared with that of the Southern retrofit.

A separate local stormwater pipe system receives runoff primarily from asphalt street
surfaces and parking lots. Topographical circumstances and issues with available
space have rendered conventionally piped drainage an appropriate choice for this
part of the area.

The remaining sections of the Augustenborg area are drained directly into the
combined sewer network or have a local blue-green stormwater system that is not
connected to the major systems. Notably, this thesis focuses on the Northern and
Southern blue-green stormwater systems, whereas the separate stormwater sewer was
used solely as a reference for comparison in Paper I and Paper II. The untransformed
areas within the boundaries of Augustenborg and small, local blue-green stormwater
systems are not included in this thesis.
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Figure 4.

Subsystems of Augustenborg, including two blue-green stormwater retrofits and the local pipe system. The figure
also shows the connection points between the subsystems and sewer network, into which the discharge from the
subsystems are drained. All rainfall measurements are based on a single tipping bucket rain gauge that was installed
in the southeast corner of the area, marked ®.

The transformation of the stormwater management system in Augustenborg is, in
principle, a complete separation project, in that the runoff from the area is
disconnected from the combined sewer network. The discharge that leaves the
Augustenborg area—as surcharge from the blue-green systems or the flow in the
separate stormwater system—is led to the closest receiving water body—i.e., the
canal in Malmé—through a separate stormwater pipe that was installed in 2001-
2002 (shown in Figure 3). The separate stormwater pipe was also constructed to
complement the Augustenborg-retrofit.
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2.2 Rainfall-runoff measurements

The discharge from the three subsystems of Augustenborg and rainfall were
monitored over the course of the study. The rain gauge—a Casella CEL tipping
bucket gauge with 0.2 mm resolution—had already been installed and was present
in the area, as part of the rainfall monitoring network that was owned and operated
by the local water utility company (VA SYD). The flowmeters, Mainstream™ Portable
AV-Flowmeters (Figure 5), however, were selected specifically for the project and
placed at various points in the area.

Carry case and data logger

Figure 5.
Mainstream™ Portable AV-Flowmeters used in this study. Picture is courtesy of Mainstream™ measurements LTD.

Mainstream flowmeters use the area-velocity method for estimating flow. These
meters have velocity and level probes that are submerged in the incoming flow
toward the manhole—i.e., the upstream pipe of the manhole. The probes are
mounted on an adjustable curved metal sheet—i.e., a mounting sheet—that can be
fastened to the inner wall of the pipe. It is also preferable to tilt the probe 5°-10°
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from the quadrant of the pipe section, as shown in Figure 6, to avoid or decrease the
accumulation of sediment in front of the probe. This requires that the flow depth
measurements be corrected by a constant offset value. The probe in the pipe
communicates with the data logger, which resides in the upper section of the
manhole, just beneath the manhole lid. The positions of the velocity and level sensors
and data logger are shown in Figure 7.

Adjustment rod with
threaded ends

Sewer pipe

Mounting sheet

Velocity and pressure
sensors

Figure 6.
Cross-sectional view of the velocity-pressure probe in the pipe.

The probe transmits ultrasound waves into the flow and, based on the reflected waves
from the solid particles and bubbles in the liquid, creates a histogram of flow
velocities. The histogram is used by the meter to calculate the mean flow velocity.
The flow depth is estimated using the pressure transmitter, which senses the water
pressure. Mainstream™ combines the velocity data, flow depth, and geometry of the
pipe (or channel) cross-section to deduce the flow.

Monitoring the flow in a blue-green stormwater system that is located in a residential
neighborhood in the center of the city is a challenge. The chief obstacle in this respect
is exposure of the meters in the open channels, ponds, and ditches of the system,
which entails physical damage due to environmental factors, such as humidity, and
places them at high risk for vandalism, unintended damage, and theft. Such solutions
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as constructing enclosed measurement huts with sufficient protection might be
possible, but these alternatives are rarely feasible, considering the time and economic
resources that are required with respect to the budget of the project. Thus, few
options remain for monitoring blue-green catchments—i.e., manholes and the pipe

system.

A The most downstream
blue-green measure in the system !

Manhole
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Figure 7.

Schematic of connection points linking blue-green stormwater systems to the municipal pipe network. This
connection occurs at the most downstream blue-green stormwater measure (or stormwater control measure, SCM)
of the mesoscale blue-green stormwater system. The discharge flow is measured in the pipe section connected to
the first manhole of the sewer network (illustration: Salar Haghighatafshar and Misagh Mottaghi).

Consequently, the connection points (CPx, CPs, and CPp, as shown in Figure 4),
through which the subsystems of Augustenborg were connected to the separate
stormwater pipe that carries the total stormwater discharge from Augustenborg to
the canal of Malmé (see Figure 3), were selected for the installation of flowmeters.
Figure 7 illustrates how these connection points, linking the most downstream blue-
green measure to the pipe network, were constructed.

The measurements were made for approximately 3 years, with occasional
interruptions due to maintenance and recalibration. Flow and rainfall data were
downloaded monthly from the flowmeters and rain gauge. Ten rainfall events with
relatively larger depths, for which the corresponding runoff measurements were also
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available, were selected within the context of this thesis. These responses were
presented in Paper II and used for the calibration and validation of the model in
Paper III.

2.2.1 Error sources

Rainfall measurements

All rainfall data were acquired from a single tipping bucket rain gauge that was
installed at the southeast corner of the Augustenborg area. This step intrinsically
introduces a degree of uncertainty and error in the rainfall-runoff measurements
(Fiener and Auerswald, 2009), because the recorded rainfall data are primarily locally
valid for the installation point of the rain gauge, whereas the spatial variation in
rainfall pattern across the entire catchment is overlooked and ignored. A single fixed
rain gauge also misses the rainfall dynamics as the rainfall moves over the catchment.
The movement of a rainfall peak affects the resulting hydrograph (Singh, 1997).
However, considering that the longest distance within the catchment from the rain
gauge is approximately 750 meters, the error that is introduced into the calculations
and simulations is anticipated to be small.

Flow measurements

The flow measurements in this study were also subject to errors and uncertainty.
One possible source of error originates from the minimum operating depth of the
velocity sensor, which is approximately 30 mm (Mainstream™, 2017). Thus, the
velocity measurements for flows that are shallower than 30 mm are invalid or
completely missed, leading to unreliable flow calculation or zero flow, respectively.
This error is magnified due to the tilted position of the probe in the cross-section of
the pipe (shown in Figure 6), which, in principle, means that a larger proportion of
smaller flows—e.g., base flow, start of the rising limb, and end of the falling limb—
is missed. Such a phenomenon might affect the studies in this thesis, but the effects
are considered to be minor, because the focus is on peak flow and lag time.

In addition, decalibration due to abrupt environmental changes (e.g., ambient
temperature), installation errors, offset estimation, turbulence in the flow, and
insufficient maintenance are sources of uncertainty and error in the flow data. In this
thesis, all data that were suspected of inaccuracy due to decalibration or invalidity
due to other sources of error were excluded from the study, leading to loss of long-
term continuity in the rainfall-runoff data at various measurement stations.
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2.3 When it rains in Augustenborg

To better understand the blue-green stormwater system in Augustenborg, a model-
based study was set up, as published in Paper I, using: the MIKE Flood system by
DHI, which is a coupled one-dimensional (1D) sewer and two-dimensional (2D)
overland hydrodynamic model. This model allows surcharge from the sewer system
to be distributed over the surface and return to the sewer when hydraulic capacity is
available.

Paper I focused on the efficiency of the blue-green stormwater system in
Augustenborg for flood mitigation. Two models were built for this purpose:

i- 1D-2D model of Augustenborg before implementation of the blue-
green stormwater system (reference case).

ii- 1D-2D model of Augustenborg as it exists today.

The details of the model concept, logic, and structure and parameter estimation are
discussed in Paper I.

2.3.1 Local effects of a blue-green system

An extreme rainfall event that struck Malmé on August 31, 2014 was simulated in
both models. The simulation results showed that Augustenborg manages extreme
rainfall events efficiently through the cascade of retrofitted blue-green measures. The
flood maps that were generated by the models in Paper I differed considerably.
Spatially, the flooding in the reference case (i.e., before implementation of the blue-
green stormwater system) was extensive and scattered. The flood stretched to the
main street of the district, having surrounded some of the residential buildings. The
modeled surface flood in the reference case does not represent reality. In actuality,
most flood volume is accommodated by the basements of the buildings, because the
area is connected entirely to the combined sewer network.

In contrast to the reference case, the extreme rainfall in a blue-green Augustenborg
did not precipitate any extreme flooding. The flooding occurred primarily on
surfaces, which, through the design and implementation of the blue-green
stormwater system, were intended to be flooded. The model output is consistent
with onsite observations at Augustenborg on the day of the simulated rainfall. Figure
8 shows the actual flooding situation in Augustenborg on August 31, 2014, in which
the lawn that was connected to the final swale and pond in the Southern retrofit was
flooded, as designed (compare the photo with Fig. 5b in Paper I).

Although the results indicate that the blue-green stormwater system in Augustenborg
substantially alleviated the flooding problem, a closer and critical look into the
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existing flow streams in and through the area shows that the hydraulic load that was
exerted on the systems in the simulation scenarios differed substantially. On
examining the water balance for both scenarios, the amount of water that was
required to have been managed by the system in the reference case (before blue-green
implementation) was over 2-fold the water volume that entered the blue-green
stormwater system, as it exists today. Figure 9, adapted from Paper I, illustrates the
flows that must be managed by the stormwater system in each case. In Figure 9a, the
stormwater system is the municipal combined sewer system, which is a pipe network.
Thus, in addition to the direct precipitation volume on the area (=30 300 m?), the
network beneath the Augustenborg area had to manage the inflow from the adjacent
neighborhoods (=33 800 m’), whereas the latter is inapplicable and irrelevant in the
case of blue-green stormwater systems.
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Figure 8.

The downstream section of the Southern blue-green retrofit in Augustenborg on August 31, 2014, right after the
extreme rainfall. The situation in this photo is comparable with the simulation result in Fig. 5b in Paper I, in which
the designated flood area in Augustenborg is covered with water. Photo: Henrik Thorén.

Thus, a blue-green stormwater system has the advantage of having a larger hydraulic
capacity and benefits from receiving a reduced load due to catcchment isolation—i.e.,
it is segregated from the remainder of the surrounding catchments in a decentralized
manner. In summary, a blue-green-retrofitted (isolated) area is solely responsible for
handling the rainfall that arrives within its boundaries. This pattern is opposite to
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the process that takes place in pipe systems, in which the flow aggregates constantly
along the drainage network as it propagates from upstream to downstream.

Inflow from the adjacent Inflow from the adjacent

) neighborhoods neighborhoods
Combined sewer . .
system stormwater
system

Direct
Precipitation
_‘W Domestic
wastewater
Direct
i Precipitation
i

E E

sx B S Infiltration o X S Infiltration

S 3 £ < S o <

- S = 82 =

< o (=3 S

25 BB 2%

28 28

Q S Q o

(a) Reference case (b) Blue-green Augustenborg

Figure 9.

Water balances in Augustenborg under the extreme rainfall scenario (cloudburst on August 31, 2014) (a) for the
reference case—i.e., before implementation of the blue-green stormwater system—and (b) after installation of the
blue-green stormwater system. Adapted from Paper | with permission from Elsevier.

Further, the considerable volume of runoff that is generated in the upstream
catchments must still pass through the underground sewer network in the retrofitted
area. Depending on the magnitude of the rainfall, the flow that is generated in
upstream catchments can cause basement flooding (in a combined sewer network)
in the retrofitted area if backwater valves are not installed. There is also a risk that
the flooding problem is shifted downstream in the aftermath of retrofitting the target
catchment. This likely shift is especially important if the discharge from the blue-
green stormwater system enters the same pipe network at a downstream point. Thus,
with regard to sustainability, it is advised, via Paper I, that the process of retrofitting
blue-green stormwater systems be prioritized in the upstream catchments of the
drainage network.

2.3.2 Downstream effects of a blue-green system

Blue-green stormwater systems, when implemented in inner-city catchments,
interact constantly with existing pipe networks—combined or separate sewer
systems—because the discharge from the blue-green stormwater system must be
diverted into the existing pipe network, when no natural water body is nearby. Thus,
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it is important to study the downstream effects of blue-green stormwater systems on
an existing pipe network.

To this end, Paper I quantified an arbitrary rainfall that would have produced a
similar hydrograph from a conventional catchment with a pipe network as a 100-
year CDS on a blue-green stormwater system. In the case of Augustenborg (Southern
retrofit), detention in the blue-green stormwater system rendered the effects of the
100-year rainfall event similar to those of a 6.5-year rainfall event on a conventional
pipe network, as illustrated in Figure 10. This improvement is attributed to the
reduction in peak flow and runoff volume through the retention-detention measures
that constitute components of the blue-green stormwater systems, as reported
frequently in the literature (Damodaram ez al., 2013; Locatelli ez al., 2015; Sahoo
and Pekkat, 2018).
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Figure 10.
Two rainfalls with similar discharge hydrographs, illustrating that blue-green stormwater systems downgrade the
runoff from an intense rainfall event to a runoff corresponding to a milder rainfall.

The lower runoff volume and runoff peak through blue-green stormwater systems
have potential positive impacts on the downstream catchments, such as decreased
combined sewer overflow in a combined sewer network and reduced hydraulic loads,
which could be advantageous for the recipient—e.g., a pipe network, wastewater
treatment plant, and natural water body. Whether this dramatic downgrade in
rainfall magnitude, with respect to the resulting hydrograph, could be used to relieve
the overloading of a pipe-network under heavy rainfall events needs to be
determined. An example of such use is the replication of Augustenborg-like retrofits,
from which the discharge is connected to the original pipe-based sewer system,
throughout the city (see Section 1.2).
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3 Model development

Mesoscale blue-green stormwater systems, as defined in this thesis, are not the most
common scale in real-world implementations or research studies. The significant
potential of the mesoscale blue-green system in flood mitigation renders it an
interesting case study with respect to its local and citywide effects. The findings with
the MIKE Flood models that were built in Paper I demonstrated this potential, as
discussed in Section 2.3. However, the adopted modeling approach was demanding
in terms of parameter estimation and computational cost.

Such models as the MUSIC model (by eWater) and Adaptation Support Tool (AST)
(van de Ven ez al., 2016) were developed specifically for blue-green stormwater
systems in larger and complex systems, but they do not incorporate the simulation
of traditional pipe-based sewer systems (van de Ven ez al, 2016; Lerer, 2019).
Moreover, other commercially available models, such as MIKE Urban (by DHI) and
the US EPA Storm Water Management Model (SWMM), have modules that
cosimulate traditional pipe-based sewers and blue-green stormwater measures
interactively. These models partly bridge the gap that was identified by Fletcher ez
al. (2013) regarding the need for communicative modeling of blue-green stormwater
measures and catchment-scale network hydraulic behaviors. However, MIKE Urban
and SWMM merely integrate single blue-green measures—so-called microscale
measures in the framework of this thesis (see Section 1.1).

Thus, a gap in the need for a model for cosimulation of mesoscale blue-green
stormwater systems, in connection with hydrodynamic modeling of traditional pipe-
based sewers, was identified. In this chapter, the development of a new, rapid, and
easy-to-use model system, developed in the following three stages, is presented:

L. Conceptualization of mesoscale blue-green stormwater systems
(Paper II)

ii. Mathematical implementation of the introduced model concept
(Paper I1I)

iii. Coupling the mesoscale model and 1D sewer network model
(Paper IV)
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3.1 Concept development

In conventional urban planning, in which local retention and detention structures
are negligible, the total volume of the discharge from a pipe-based drainage system
can be used to quantify the contributing area (mainly impervious surfaces) to the
runoff. This value, calculated based on the rainfall-runoff response, is referred to as
effective impervious area (EIA), which is the proportion of the rotal impervious area
(TTA) that is hydraulically connected to the pipe-based drainage system (Alley and
Veenhuis, 1983). Directly connected impervious area (DCIA) also represents the
hydraulically connected portion of TIA; however, DCIA is viewed primarily as a
measurable (rather than computable) parameter, based on on-site investigations,
surveys, and maps (Ebrahimian ez al., 2016).

In conventional urban planning with small retention and detention capacities, the
EIA is 80% to 90% of the measured DCIA (Melanen and Laukkanen, 1980; Boyd
et al., 1993). This difference—i.e., 10% to 20%—can be due to uncertainties in
DCIA, leading to losses in runoff, such as surface cracks, undiscovered vegetative
interception, and surface depression storage (Albrecht, 1974; Ebrahimian ez al.,
2016).

In catchments with blue-green implementation, the relationship between EIA and
DCIA above does not necessarily hold, due primarily to the considerable retention
capacity on the surface, which is also extremely case-specific. Thus, in the case of
blue-green stormwater systems, it is not possible to quantify EIA, based on the
observed runoff. In other words, the EIA for a blue-green catchment will not be a
constant value but rather a function of rainfall depth. Consequently, a similar
concept was introduced in Paper II, referred to as runoff-equivalent impervious area
(REIA). Equation-wise, REIA is calculated as EIA (Eq. 1), but what they represent
differs. EIA is assumed to be the portion of TIA that contributes to the runoff,
whereas REIA is an imaginary impervious area that results in the observed runoff if
no loss (e.g., retention, infiltration, and evapotranspiration) is taken into account.

EIA = REIA = “2% Eq. 1

where V,,,; is the total discharge volume (m’) from the drainage system and R is the

rainfall depth (m).

Eq. 1 was applied to 10 individual rainfall-runoff responses of the three subsystems
in Augustenborg: the Northern blue-green retrofit, the Southern blue-green retrofit,
and the local separate stormwater pipe system (see Figure 4). The results showed that
REIA was generally constant for the sub-catchment with the local separate
stormwater pipe system at various rainfall depths (Figure 11a). In contrast, the blue-
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green retrofits (Northern and Southern) demonstrated more dynamic behavior with
regard to REIA at various rainfall depths (Figure 11b and 11¢).

The REIA grew linearly in relation to rainfall depth in the Northern retrofit (Figure
11b) but consisted of two clear phases for the Southern retrofit, as seen in Figure
11c. In the first phase of the process, REIA remained nearly 0 for all rain depths up
to roughly 17 mm, after which it jumped abruptly from 0 to 0.8 ha. These behaviors
can be explained by the sequence of retention volumes. As demonstrated in Paper
I, if a blue-green stormwater measure with relatively large retention capacity is
placed at the most downstream point of a blue-green stormwater system, the system
will behave similarly to the Southern retrofit in Augustenborg (Figure 11c¢). In
contrast, if the retention capacity of the most downstream blue-green measure is
small, the REIA response will be similar to the Northern retrofit in Augustenborg
(Figure 11b).
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The relationship between REIA and rainfall depth for the various subsystems of Augustenborg.

Subsequently, a mesoscale blue-green stormwater system was conceptualized as a
series of retention volumes, wherein the distribution of retention units (blue-green
stormwater measures) leads to various REIAs (or different total discharge volumes)
under a given rainfall event.

3.2 Mathematical formulation of the concept

Initially, a basic scheme was proposed to express the retention characteristics of a
single blue-green stormwater measure. It was assumed that every blue-green measure
that receives runoff from the connected catchment can be schematized as the
available volume under the overflow threshold (i.e., storage at the freeboard level:
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Vfp) and infiltration capacity (i.e., storage in the infiltration layer: Vi, ). It was also
presumed that the immediate evapotranspiration during the rainfall was negligible,
considering the Swedish climate, and that the entire connected catchment could be
represented by DCIA within the framework of this thesis. Based on this fixed
scheme, the effective retention capacity (R,) for any blue-green measure is calculated
per Eq. 2:

= VpptVing
R, = DCIA Eq.2
where DCIA is the impervious area that is connected directly to the blue-green
measure. This scheme was subsequently applied on the mesoscale, consisting of
multiple blue-green measures, as shown in Figure 12 (adapted from Paper III).
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Figure 12.
Flow dynamics, as described by the conceptual model for mesoscale description of blue-green stormwater systems
— based on Paper Il - resulting in a discharge (Qsc) from system. rit and q;: and defined in Eq. 3.

The mesoscale scheme, presented in Figure 12, illustrates the flow dynamics in the
conceptual model, in which all blue-green measures receive runoff from their
corresponding DCIA, whereas downstream measures can also receive flows from
upstream measures. Note that although Figure 12 depicts a simple linear cascade of
blue-green measures from upstream to downstream, the concept and mathematical
model incorporate and handle branched configurations of mesoscale blue-green
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systems, in which two or more measures are connected directly to a single measure
in the immediate downstream as a tree structure. This flow scheme is expressed
mathematically in Eq. 3 using explicit discretization.

it i,t—1
_ Vout = Yout _ Qi1 acc. to
Qic = At - Figure 12
(Rt R, ;)X DCIA; n Voi;g't VJ&EEI
- —_ T fori=1..n Eq.
At HRDE At q-3
__________ . o
Runoff from DCIA Inflow from upstream
(rir) acc. to Figure 12 component(s), qi-1.t

in which q; ; is the flow from component 7 at time step #, V1, is the total discharged
volume by time step #, V,55 " is the total discharged volume by time step #-1, R3¢
is the accumulated rainfall depth at time step 7 R, ; is the effective retention capacity
in component 7, and 7 is the number of components that is discharged directly to
component Z.

The calculated flow (q;¢) through Eq. 3 follows the form of an instantaneous
hydrograph (Nash, 1957), because it does not take the detention effect into account.
In other words, the model is based on the mass conservation principle (continuity
equation), but for increased simplicity and rapid simulation, it does not include a
detailed description of a runoff process that follows momentum conservation (Rauch
et al., 2001). Thus, to introduce the detention effects, a nonlinear reservoir model
(Butler and Davies, 2011) was applied through a virtual component at the most
downstream point of the mesoscale blue-green stormwater system (see Figure 12).
The virtual component receives flow from the last physical component of the system
(i.e., n) and generates outflow Qpg from the nonlinear reservoir model (Eq. 4).

=kS™

%zCIn_QBG%G:)%:qn_kSm Eq. 4
where S (m?) is the dynamic storage volume in the virtual reservoir, qy, is the inflow
to the virtual component from the most downstream blue-green measure (i.c., the
most downstream physical component, as illustrated in Figure 12), and k (1/min)
and m (unitless) are the reservoir coefficients. The ordinary differential equation in
Eq. 4 was solved using an explicit numerical method—namely, the forward Euler
method—for which finite difference approximation was used per Eq. 5.

das  Stiac—St

dt At Eq.5
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Eq.4 & Eq.5 m
= Sitat = St + At (qne — kS¢) Eq. 6

where Sy, =0
S1 =4t qnp
S; =81+ At (qny — kST

S3 =S8y + At (qnz — kS3")

Qpet = kStm Eq.7

The entire model (Eq. 2-7) was set up in Python™, an open-source programming
tool (Python, 2019). Application of the reservoir model converts the instantaneous

hydrograph to a detained hydrograph, as illustrated in Figure 13.
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Figure 13.

Transformation of an instantaneous hydrograph (without detention) to a detained hydrograph using a nonlinear
reservoir model.
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After Qg (Eq. 7) was derived using the calculated S;, based on Eq. 6, the nonlinear
reservoir model was calibrated, and the reservoir routing parameters 4 and 7 were
optimized—also in Python™—using four single rainfall events, as presented in Paper
III. Six additional rainfall events were used to validate the model with respect to the
simulated peak discharge and lag time.

The applicability, validity, and sensitivity of the developed model for mesoscale blue-
green stormwater systems are fully discussed and presented in Paper III. However,
it is an event-based model and incapable of simulating long-term (continuous)
scenarios due to the lack of sink functions, such as dynamic infiltration and
evapotranspiration, in the retention and detention units.

3.3 Joint model architecture

The developed model for mesoscale blue-green stormwater systems had to be
coupled to a pipe network model to facilitate the study of interactions between blue-
green systems and municipal combined/separate sewer networks. For this purpose,
DHTI’s MIKE Urban was adopted for coupling with the mesoscale blue-green model
(Paper IV).

The models were coupled in DHI’s MIKE Operations, which builds on the MIKE
Workbench data management framework (DHI, 2019). The MIKE Operations
platform enables communication between two models (MIKE Urban and mesoscale
blue-green model) via Python™. The software architecture for the coupled models
and cosimulation is presented in Figure 14.

The logic consists of three major blocks, as follows:

i The characterization block (input data)
ii. The hydrological module, including two rainfall-runoff models
1ii. The hydraulic module, including a hydrodynamic simulation engine

System parameters and catchment definitions, such as the configuration of the blue-
green system and the position and size of the mesoscale blue-green systems with
respect to the sewer network, are defined and registered in the characterization block.
In the hydrological module, catchment definitions, system parameters, and rainfall
data are fed into both rainfall-runoff models—i.e., MIKE Urban and the mesoscale
blue-green model. The catchment definition for the rainfall-runoff module in MIKE
Urban includes the drainage area for the pipe network, excluding the catchments
(areas) with mesoscale blue-green stormwater systems that are modeled separately in
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the mesoscale blue-green model. As a result, the two models generate two sets of flow
series: Qg (simulated according to Eq. 7) and Qpy (simulated in MIKE Urban).

These flow series cumulate and form the total runoff load (Qrg) per Eq. 8. In
contrast to the case in Augustenborg, in which the discharge from the blue-green
system is connected to a separate stormwater pipe system (and not to the original
combined sewer), this study assumes that mesoscale blue-green retrofits are still
discharged into the original sewer network (in this case, the combined sewer
network) after applied retention and detention. This step is designed to determine
whether flow detention alone—which often is the case for blue-green retrofits—
rather than flow elimination from the original sewer network, also relieves flooding
situations.

Qrr = Upc + Qmu Eq. 8
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The logic implemented in MIKE Operations through which the mesoscale blue-green model and MIKE Urban are
coupled (adapted from Paper IV).
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Moreover, Qyy consists of several components, such as the fast runoff component,
(Qprc), the slow runoff component (Qsgc), and the domestic wastewater flow
(Qww) in the case of combined sewer systems. Because the MIKE Urban model
incorporates sub-catchments, each of which is connected to a node, mesoscale blue-
green systems are also implemented per sub-catchment. Thus, Fps (extent of
implementation) reflects the percentage of total drainage area in the sub-catchment
(Asc) that is converted to the mesoscale blue-green system (Apg), according to Eq.

9.

A
Fpe =722 Eq. 9

Asc

Consequently, Eq. 8 can be expanded as follows:

Qrr = Q¢ + Qmu
Qrr = Qp¢ + Qrrc - (1 = Fpg) + Qspec + Quw Eq. 10

Subsequently, Qry is applied to the hydrodynamic model in MIKE Urban through
which network simulations are run. The result from the hydrodynamic simulations
includes hydraulic head (H) in the nodes (manholes) of the network and the flow
dynamics (Q) in the links (pipes), as shown in Figure 14. Based on the simulated
hydraulic heads, the number and location of the flooded manholes can be
determined and used as a cost function parameter to optimize the placement and
size of mesoscale blue-green stormwater systems throughout the city.
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4 From meso- to macroscale:
Upscaling and optimization

Blue-green stormwater systems can be placed in urban spaces, based on various
criteria. Availability of space, willingness of the landowner, and the morphological
properties of urban spaces are several factors that dictate the implementation point
for blue-green stormwater systems (Bach e al, 2013; Romnée et al, 2015).
However, with regard to piped drainage, the hydraulic interaction between blue-
green retrofits and conventional sewer systems is a key parameter in the occurrence
of pluvial floods. The effect of blue-green stormwater systems in relieving the
pressure of a network is assumed to be a function of the size and location of the blue-
green retrofit.

In this perspective, the upscaling of blue-green stormwater systems from mesoscale
to macroscale concerns optimization. The placement of single (microscale) blue-
green stormwater measures in cities has been optimized primarily with respect to
biophysical ~characteristics and wurban form, rather than socioeconomic
considerations (Kuller ez /., 2018). There is significant published material that has
addressed the optimization of blue-green measures (and even detention/storage
units) with respect to flood mitigation, peak flow reduction, and mitigation of the
first flush effect (Damodaram ez a/., 2013; Baek et al, 2015; Cunha et al., 2016;
Duan ez al., 2016; Wang et al., 2017; Zischg et al., 2018). However, these studies
have focused on the optimal size and spatial distribution of microscale blue-green
stormwater measures, rather than mesoscale systems, and do not explicitly address the
interactions between pipe networks and blue-green systems in terms of the hydraulic
performance of the network.

There are also studies that have argued that the implementation of blue-green
measures must be accompanied by increased pipe capacity in the sewer network to
obtain a robust and resilient drainage system (Zhou ez al., 2018; Bakhshipour ez al.,
2019). For increased simplicity, Zhou ez al. (2018) have modeled the impact of blue-
green stormwater measures as altered imperviousness in the target catchments and
thus fail to address the discharge dynamics from a blue-green system or how locating
the blue-green measures affects drainage performance.
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In this section, the upscaling of blue-green stormwater systems from meso- to
macroscale is proposed by replication of mesoscale blue-green stormwater systems at
the city level. This replication is characterized through multivariate optimization, in
which a cost-effective scheme for the placement and size of blue-green stormwater
systems throughout the city can be achieved. The goal is to optimize mesoscale blue-
green systems such that the total cost of the optimized scenario—comprising
implementation and maintenance costs of blue-green systems and flood cost—is less
than that of the no-action scenario. This tool can be used to perform an initial
citywide screen of catcchments to identify the potential regions and areas in which it
is hydraulically and economically efficient to implement mesoscale blue-green
stormwater systems.

4.1 Hydroeconomic optimization

At this stage, the toolchain that was presented in the previous chapter in Figure 14
is supplemented with an additional module for automated optimization and input
characterization (Figure 15). The joint model delivers hydraulic head in the network
nodes (manholes), which can be used to determine whether a manhole is flooded—
i.e., for each node, a critical threshold is defined such that if the hydraulic head in
that node (Hp,qy) exceeds the threshold, the node is marked as flooded. The
introduced flood threshold for the manholes can be basement-level (in a combined
sewer network) or ground-level (in a separate sewer network). In this thesis, the
threshold is set as the basement level of buildings, which is assumed to be
approximately 1.3 m below ground level for each manhole (Paper IV). Thus, the
total number of the flooded nodes (ng,) can be acquired from the model.

Moreover, a damage cost must be estimated for each flooded node (cg,), constituting
the total flood cost (Cqpoq). Within the framework of this thesis, each flooded node
was estimated according to the compensation records that were available for the
extensive flooding in Malmé on August 31, 2014, as described in Paper IV.

In addition, cost of action (Cyct) needs to be determined. Cost of action is defined
as the sum of investment - per hectare retrofitted area (cgg) - and maintenance costs
of a blue-green stormwater system.

The scalarized multiobjective incorporates the two crucial cost sources that are
associated with urban drainage—namely, C5¢¢, including the construction and
maintenance costs for blue-green stormwater systems, and Cggoq, including
compensation by insurance companies and the local water utility company. For Cy¢t,
equivalent uniform annual worth of investment is calculated per Eq. 11 using the
capital recovery factor.
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Enhanced software architecture with the addition of an optimization module with respect to Cfo0q and Cucr, With an
automated input characterization module.

(1+)
Cact = (a6 * TAc) [(QH)Q 1] +TApe ST+ a)! Eq. 11

Capital Recovery Factor

in which (cgg - YApg) is the investment value at Year 0, i is the interest rate (=3%),
M is the annual maintenance cost per hectare blue-green retrofit,  is the annual
average pay raise (£2%), and L is the capital distribution period, assumed to be equal
to the technical lifespan of the constructed structure (250 years). Cooq is the
uniform annual series, using the sinking fund factor, equivalent to the future amount
of damage costs—i.e., (Cg, * Ngy)—and is calculated according to Eq. 12.

Chiood = (Cpn - Nen (1)) [m] Eq. 12

Sinking Fund Factor
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in which (cg, - ng,) is the total damage cost at the end of the Tth period, i is the
interest rate (=3%), and T is the total number of periods (in this case, years),
assumed to be equal to the recurrence interval of the design storm (=10 years in this
study). The economic calculations in Eq. 11 and Eq. 12 are adapted from Blank and
Tarquin (2012).

The reason why Cy,¢t is annualized for the period of the system’s life span and Cggoq
is annualized for a period that is equal to the recurrence interval of the optimization
rainfall is so that the long-term financial effects of multiple recurrences of the rainfall
event can be incorporated into the optimization. Assuming, through common
engineering practice, that the rainfall events are uniformly distributed, based on their
respective recurrence frequency, it can be deduced that 5 rainfall events with a
recurrence interval of 10 years is likely to occur during the operational life span of
the built systems—i.e., 50 years. This approach intrinsically implements the long-
term financial effects of multiple rainfall recurrences throughout the developed
toolchain. However, the probability of occurrence of the scenario above (i.e., exactly
5 rainfalls with a recurrence interval of 10 years in 50 years) is low, at 17.6%.

With the uniform annual cost of flood damage and the cost of action for flood
mitigation (implementation and maintenance of blue-green systems), a total cost
function can be determined per Eq. 13.

D (u) = Cuee(w) + Caooa(w) Eq. 13

The objective of optimization is to minimize the performance indicator, PI, defined
as the relative change in ®(u) for various situations of u compared with the total
cost of the reference scenario,®(0)—i.e., no blue-green retrofits. Note that u reflects
the distribution and size of mesoscale blue-green stormwater systems in the modeled
sub-catchments (SC;). PI is also considered a multiobjective, because the cost
components (Cac and Cepoq) are assumed to be competing:

. _ dw)-d(0)
min PI_—qa(o)
SCy SC, SC; ... SC;
.r.t. €
w-r u [FBG,l Fee2 Fees - Frei
s.t. Frei € [0,1]

Subsequently, the optimization was performed using the constrained optimization
by linear approximation (COBYLA) method, which is a derivative-free optimization
algorithm (Powell, 1994; Conn er al, 1997). The COBYLA method was
implemented in Python™, in communication with the MIKE Operations platform
that was discussed in the previous chapter, Section 3.3.
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4.2 Implementation of the toolchain

The software that was developed in the previous chapter, in conjunction with the
optimization algorithm, returns an optimized solution for any network model,
depending on the initial values of the decision variables. However, the result is not
a unique solution or necessarily the most optimal solution. Given the number of
catchments that are to be assigned an extent of implementation—i.e., the number
of decision variables in the optimization (e.g., 30 catchments in the case study in
Paper IV)—the target optimization space becomes high-dimensional (e.g., 30
dimensional for 30 catchments), comprising many local optima. There are
algorithms that can help identify the set of initial values for the decision variables
that lead the optimization toward the ultimately best solution—the global
optimum—in such complex high-dimensionality. However, these algorithms are
time-consuming and computationally demanding for citywide hydraulic
applications. An obvious follow-up of this study would thus be to use other
optimization techniques and decision variable selection algorithms to address the
challenge of the high-dimensionality that is associated with city-scale catchment
studies.

Based on the optimization results for the combined sewer network in the city of
Malmo, with a total catchment area of over 950 ha, only two catchments (of 30)
were found to be hydroeconomically appropriate for the implementation of
mesoscale blue-green stormwater systems under a 10-year CDS rain (Paper IV).
Notably, one of these catchments lay close to the outlet, whereas the second was
distant. The extent of the suggested retrofit areas constituted approximately 2% of
the total modeled catchment area (Paper IV). Considering the classification per
Eckart ez al. (2018) for blue-green adoption rates (equivalent to Fpg in this thesis),
Fpe = 2% is considered a low retrofit scenario.

The peak flow reduction in the optimized scenario was approximately 1.5%, which
is on the same order of magnitude as in Eckart ez a/. (2018), as reported for a low
retrofit scenario (i.e., approximately 1.2% to 1.3%). However, as described in the
literature, the efficiency of the optimized scenario in peak flow reduction is strongly
affected by the extent of implementation of blue-green retrofits and the rainfall
characteristics under which the scenario is evaluated (Eckart ez a/., 2018; Huang ez
al., 2018).

According to the optimized scenario in Paper IV, the total cost (the sum of
implementation and maintenance costs for the recommended blue-green stormwater
systems and the cost for the resulting flooding) is estimated to be approximately 3%
lower (PI=-0.03) than the reference scenario—i.e., the flooding cost when no blue-
green stormwater system is implemented. Although these savings are modest, the
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total number of flooded nodes decreased by 8.5% (65 nodes) in the optimized
scenario compared with the reference case (779 nodes).

The modest overall savings in the optimal scenario is consistent with Eckart ez 4/.
(2017) and Li et al. (2019), who noted that budget is a major limiting factor in
stormwater management projects. However, the PI is highly sensitive to cost
estimates (Paper IV), which could substantially affect the outcome of the
optimization. Also, blue-green stormwater systems are associated with several added
values, such as mitigation of urban heat islands, promotion of biodiversity,
improvement of discharged water quality, decrease in combined sewer overflow
(CSO) occurrences, amenity effects, and lower loading and thus increased treatment
capacity at wastewater treatment plants. Monetizing these valuable contributions
would most likely affect the cost-benefit optimization considerably, although it is
not always easy to monetize all effects. Thus, it will be invaluable to develop methods
to adapt and incorporate available cost-benefit tools, such as Benefits of SuDS Tool
(BeST) (Ashley er al, 2016, 2018), in the economic cost estimation for
hydroeconomic optimization of blue-green stormwater systems. Further, cost
assessment studies should be conducted contextually according to the prevailing local
circumstances.

One out of 325 iterations in the optimization in Paper IV led to more flooded
manholes compared with the reference scenario—i.e., there was a scenario in which,
despite the introduction of blue-green retrofits, the extent of flooding was worse than
in the reference scenario. This finding is an indication that unoptimized random
blue-green retrofits do not necessarily improve the hydraulic performance of sewer
networks. One explanation is that because the overflow from the mesoscale blue-
green retrofit is still connected to the original sewer network, the retained and
detained discharge will coincide with high pipe flows, thus causing flooding of the
network.

This interpretation dovetails with the tentative conclusion in Paper I, which
recommends that the implementation of blue-green retrofits be prioritized primarily
in the upstream areas of the city catchment to avoid such peak-flow coincidences.
Such coincidences between detained and delayed discharges from blue-green
stormwater systems and flows in the sewer network are more likely to occur in city-
scale networks, which have high complexity. Thus, it is important to determine the
sensitivity of the optimization to not only cost assessments and interest rates but also
other factors, such as rain characteristics (hyetograph) and catchment parameters,
which can alter the discharge hydrograph from the blue-green retrofit and the
dynamics of the flow in the pipe system.

In addition to optimization method, adopted cost function, and the specific
hydrological parameters of the study catchments, there are three factors that might
be important in the interpretation of the study results.
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High network complexity on a city scale, especially when the discharge from the
blue-green retrofit remains connected to the sewer network, could cause
unprecedented coincidences of peak flows. These coincidences (due to different rain
patterns or changes in catchment characteristics) could still lead to flooding.
Depending on the coincident flow values, the flooding could be as bad as the
reference scenario or even worse.

Combined sewer systems, as is the case in this thesis, are more demanding due to the
lower critical levels—i.e., basement level rather than ground level—that are used to
estimate inundation costs for surface flooding. In practice, this leads to tougher
optimization constraints or other conditions that must be satisfied; thus, the
mitigation of basement floods might not be economically justified by the
implementation of blue-green stormwater retrofits. However, how blue-green
retrofits perform in the context of separate sewer systems in which ground levels are
critical for flooding must also be studied and assessed.

Mesoscale retrofits through which an entire neighborhood is transformed into a
blue-green stormwater system are likely to be more costly to implement versus single,
discrete blue-green measures. Such steps would increase action costs when the target
catchment area is large. Note that the study area in the optimization context of this
thesis (approximately 950 ha) is roughly 7 times larger than that in Huang ez /.
(2018) (approximately 140 ha), denoted as a megacity. This considerably larger
study area in Paper IV has strong impacts on computational expenses, thus
influencing the choice of optimization algorithm.
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5 Conclusions

This thesis has examined a specific setup of blue-green stormwater systems, termed

the mesoscale blue-green stormwater system. These systems, comprising several
interconnected blue-green measures for the retention and detention of runoff, have
an invaluable role in the transformation of neighborhoods into large blue-green
retention cells. Based on the results and discussion in this thesis, the following
conclusions are made:

Through a case study, mesoscale blue-green systems are effective in the
control and confinement of surface floods at the local level. The influence
of mesoscale blue-green systems is not limited to local boundaries, also
affecting the surrounding pipe-bound catchments. Thus, blue-green
retrofits in cities should be designed with regard to larger urban drainage
rather than merely local circumstances.

The case study revealed that the outflow hydrograph from the mesoscale
blue-green stormwater system under a 100-year rainfall was equivalent to
that of a 6.5-year rainfall from the conventional pipe-bound catchment.

The performance of a mesoscale blue-green stormwater system in terms of
the final discharged flow dynamics (hydrographical characteristics) is a
function of the spatial distribution of its constituent blue-green measures,
considering their retention capacity.

More stringent demands for flood mitigation in combined sewer networks
and the large areas of city-scale catchments (leading to high dimensionality
and high complexity) render the optimization of mesoscale blue-green
stormwater systems over the entire city a challenging issue.

The method of and approach to the cost-benefit assessment of citywide
blue-green scenarios with respect to financial consequences and monetized
value and damage have a decisive role in the outcome of the optimization.

In the case that blue-green retrofits are drained into the original sewer
network, there might be blue-green retrofit scenarios in which the overall
flood performance of the sewer network deteriorates in terms of the number
of flooded manholes compared with the reference scenario. This correlation
is tentatively associated with the high complexity of networks on the city
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scale through which even retained and detained blue-green discharges could
coincide with peak flows that pass in the pipe network, giving rise to the
hydraulic head and, thus, flooding. Consequently, this thesis recommends
that the discharge from mesoscale blue-green retrofits should not be
connected to the original network if the economy and local circumstances
allow—i.e., it is hydraulically safe and beneficial, with regard to the
underlying sewer network perspective, to eliminate the impact of the
catchment versus discharging detained and delayed flow.



6 Future research

The findings of this thesis suggest that hydraulically unoptimized implementation
of blue-green stormwater retrofits has unprecedented consequences in terms of
deteriorated flood situations and limited economic gain. However, these
observations were based solely on the study of a combined sewer network. Thus, the
implementation and optimization of blue-green retrofits in the framework of
separate sewer networks should also be examined.

Moreover, it is also important to study how a group of scattered microscale blue-
green measures functions hydraulically compared with an equivalent mesoscale setup
with a similar total retention volume. Such a study would provide valuable insights
into how blue-green measures with various scales and configurations affect drainage.
This endeavor is also important, practically speaking, because differences in scale and
configuration might have considerable effects on the implementation cost of the
retrofits.

As discussed in Section 2.2.1, there are uncertainties that are associated with rain
measurements due to point data being extracted from tipping bucket gauges. To
minimize the error from local point measurements of rain data, it is preferable to use
distributed rain data using X-band weather radars. Today, there are two X-band
weather radars that have been newly installed in the region, and a third is to be
established soon. Using high-resolution precipitation data from weather radars,
although it requires substantial revisions in the modeling procedures, would open a
new front in rainfall-runoff studies that hopefully leads to a better understanding of
urban hydrology.

The modeling platform and software that were developed in this thesis can be
expanded in various aspects. The mathematical model that was introduced and
discussed in Section 3.2 is currently based on one nonlinear reservoir model that is
implemented in a virtual reservoir that is discharged into the system outlet, whereas
the flow detention effect is not applied to upstream physical components. Thus, a
natural continuation of the development of the model would be to facilitate all
model components with nonlinear reservoir models to simulate the detention effect
at various points in the mesoscale blue-green stormwater system (not solely at the
discharge point). This step will lead to a complicated calibration procedure due to
the numerous nonlinear reservoir routing parameters—i.e., two for each component.
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However, it might be possible to theoretically relate the nonlinear reservoir routing
parameters for a particular blue-green stormwater measure to certain physical
characteristics of the measure, which could reduce the number of coefficient values
that need to be estimated, yielding a more reliable and easier-to-use model. Yet, the
calibration and validation of the enhanced model would require thoroughly
monitoring different types of blue-green measures regarding their construction—
such as bed soil properties, geometrical shape, and dimensions—and careful records
of rainfalls, water levels in the measures, and the corresponding discharges.

In addition to the hydrodynamic runoff model for mesoscale blue-green stormwater
systems, the optimization procedure can be developed. The adopted optimization
algorithm, COBYLA, like all optimization algorithms, delivers optimization results,
depending on the initial values of the decision variables. These results are thus highly
local and do not necessarily reflect the most optimal solution of the extremely high-
dimensional optimization space. To overcome this problem, appropriate scouting
methods must be applied and evaluated to estimate the initial values of decision
variables, which would most likely lead the optimization to the global optimum.
Methods, such as Latin Hypercube Sampling (LHS) and Subset Selection Algorithm
(SSA), might be valuable in adapting and testing for enhanced optimization.

This thesis has demonstrated that from a hydraulic perspective, blue-green
stormwater measures can be represented by static volumes. These volumes can be
introduced onto the catchments, regardless of their type, shape, and construction
material. Thus, even concrete basins and ponds could reproduce similar hydraulic
effects as those that are expected from blue-green measures. However, there is a
substantial aesthetic and social aspect concerning the function of blue and green
elements in urban landscapes. Compelling future research could study and map the
effects of blue-green spaces—as integrated infrastructural elements in an urban
environment—on human well-being.

With regard to cost-benefit calculations, a comprehensive study must be performed
in advance to be introduced into the optimization process. This step will require the
development of methods to monetize the social and ecological benefits of blue-green
spaces, in addition to construction and maintenance costs, with regard to local
circumstances. The sensitivity of the adopted optimization algorithm to
perturbations in economic and financial assessments, interest rates, and hydrological
and hyetographical characteristics should also be examined.
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Coupled one-dimensional (1D) sewer and two-dimensional (2D) overland flow hydrodynamic models
were constructed to evaluate the flood mitigation efficiency of a renowned blue-green stormwater
retrofit, i.e. Augustenborg, in Malmo, Sweden. Simulation results showed that the blue-green stormwater
systems were effective in controlling local surface flooding in inner-city catchments, having reduced the
total flooded surfaces by about 70%. However, basement flooding could still be a potential problem
depending on the magnitude of the inflows through combined sewer from upstream areas. Moreover,
interactions between blue-green retrofits and the surrounding pipe-system were studied. It was
observed that the blue-green retrofits reduced the peak flows by approximately 80% and levelled out the
runoff. This is a substantial advantage for downstream pipe-bound catchments, as they do not receive a
cloudburst-equivalent runoff from the retrofitted catchment, but a reduced flow corresponding to a
much milder rainfall. Blue-green retrofits are more effective if primarily implemented in the upstream
areas of a pipe-bound catchment since the resulting reduced runoff and levelled out discharge would
benefit the entire network lying downstream. Implementing blue-green retrofits from upstream towards
downstream can be considered as a sustainable approach.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Background

According to the 5th assessment report published by the Inter-
governmental Panel on Climate Change (IPCC) in 2013, climate
change causes more intense and frequent rainfalls over some parts
of the world, including northern Europe and Scandinavia (Collins
et al, 2013). The current status of the climate in the member
states of the European Union (EU), for instance, shows that
devastating storms and cloudbursts are already occurring more
frequently and have resulted in economic losses (Jongman et al.,
2014). According to the definition provided by the Swedish Mete-
orological and Hydrological Institute (SMHI), a cloudburst is a
rainfall with the minimum depth of 50 mm in 1 h or 1 mm per
minute for shorter durations (SMHI, 2011).

* Corresponding author.
E-mail address: Salar.Haghighatafshar@chemeng.lth.se (S. | i afshar).

https://doi.org/10.1016/j.jenvman.2017.11.018
0301-4797/© 2017 Elsevier Ltd. All rights reserved.

The runoff generated from cloudbursts is too large to be handled
by conventional pipe-bound sewerage networks (either separate or
combined) which have traditionally been adopted by most Euro-
pean cities. These networks are usually designed to manage rain-
falls of a certain magnitude. In Sweden, for instance, the existing
drainage systems in the core of cities were designed for rainfalls of
10-year recurrence interval (RI), (SWWA, 2004), which corresponds
to about 26 mm in 1 h. This means that the city planners statisti-
cally accepted the risk for one possible flooding in ten years.
However, with climate change, this criterion becomes inadequate
since rainstorms occur more frequently. From a design point of
view, the inadequacy in the traditional design criteria is now rec-
ommended to be compensated by application of a climate factor
along with increased design Rls (SWWA, 2016).

Both separate and combined sewer networks are considered as
pipe-bound networks in general, and even if separate sewer net-
works overcome the problem of basement flooding, they would
still be overloaded and would consequently flood onto the urban
surfaces during cloudbursts. Flooding of urban surfaces might in
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fact be more detrimental than basement flooding since it could
paralyze urban emergency services by affecting their mobility and
responsiveness. There is thus an ongoing debate regarding the
available alternative solutions for handling cloudbursts and miti-
gation of pluvial flooding in pipe-bound drainage networks. These
alternatives can mainly be categorized as i) buffer-based solutions
adding to the hydraulic capacity of the underground drainage
“system”, such as detention basins, stormwater tunnels and pumps
(e.g. Yazdiet al., 2015); and ii) surface-based measures reducing the
volume and intensity of the generated runoff also known as blue-
green stormwater solutions (e.g. Young et al., 2011). In contrast to
pipe-bound solutions where there is an apparent boundary be-
tween the system and the catchment, the definitions of system and
catchment are tightly integrated and inseparable within the
framework of blue-green systems (Haghighatafshar et al., 2017).
However, in the context of pipe-bound sewer networks, catch-
ments with blue-green stormwater systems would rather be
considered as surfaces/catchments with longer lag times.

Despite reports demonstrating the benefits of the blue-green
stormwater systems in flood mitigation at cloudbursts (Liu et al.,
2014; Sorensen, 2016), it seems that there is still some hesitance
in the planning profession and decision makers with respect to the
functionality of such systems. The existing uncertainty in the upper
levels of decision and policy making leads to lack of strong political
commitment within the context of integrated urban water man-
agement, [UWM (Mitchell, 2006; Rauch et al., 2005). This can be
one of the reasons that keeps authorities from making concrete
decisions as well as allocating clear responsibilities and resources
(Tingsanchali, 2012). As a result, it negatively influences funda-
mental steps towards establishment of a well thought-out legal and
regulative framework for systematic implementation of blue-green
practices, especially in the core of the cities (Sorensen et al., 2016).
One potential reason for the hesitance can be the lack of sufficient
research and of established catchment-scale blue-green systems. It
is therefore of high priority to provide city planners and decision
makers with studies and discussions which can help them conceive
a clearer picture of the functions and consequences of blue-green
alternatives (Viavattene and Ellis, 2013).

1.2. Blue-green stormwater systems

Stormwater control measures (SCM), as components of blue-
green stormwater systems, have been discussed in the literature
with regards to both runoff management and flood mitigation. It is
important to consider that these measures may pursue different
purposes in an urban environment and may function differently
depending on the scale of implementation (Demuzere et al., 2014).
Accordingly, the following classification is suggested:

1) Microscale, at which a single SCM, e.g. green roof, soakaway,
swale, porous asphalt, is investigated under site-specific
conditions.

2) Mesoscale, i.e. a group of several SCMs implemented at a
catchment/neighbourhood scale.

3) Macroscale, through which catchments with blue-green storm-
water systems are put into a broader context and are studied in
an infrastructural perspective with city-wide consequences.

It should also be noted that the definition of blue-green
stormwater systems within the framework of this paper is limited
to implementations on the catchment surface. Thus, underground
measures such as wastewater detention basins are not defined as
blue-green solutions. In this context, blue-green stormwater sys-
tems are seen as preventive measures against further overloading
of the existing pipe network whereas underground detention

basins in the pipe-bound sewer network could be considered as a
remedial action in order to relieve existing capacity constraints of
the network.

Single scattered SCMs (i.e. microscale local implementations)
with limited detention capacity (e.g. green roofs) are assumed not
to be specifically effective in confronting cloudbursts. In contrast,
blue-green stormwater systems, i.e. combinations of several SCMs
in an urban catchment (mesoscale), have been shown to be bene-
ficial for flood mitigation (Ahiablame and Shakya, 2016; Jato-Espino
et al, 2016; Liu et al.,, 2014).

In this perspective, blue-green systems might function differ-
ently depending on where they are implemented (Biesbroek et al.,
2010; Heidrich et al., 2013; Jato-Espino et al., 2016). New de-
velopments, which are usually located in suburban areas, could
easily utilize these systems along with dedicated (separate)
wastewater networks. In such cases, the applied blue-green sys-
tems would be at the most upstream point of the catchment,
conveying the storm runoff to the closest possible receiving water.
The circumstances are much tougher when retrofitting blue-green
systems into the tighter districts of the inner city. In these cases, the
implemented systems are forced to interact with the existing sewer
network since there is not necessarily always an accessible
receiving water in the city core. Understanding the interactions
between different constituents of urban infrastructure is key to a
sustainable climate adaptation plan (Mottaghi et al., 2016). There is
therefore a need to elevate the discussions to a higher level at
which blue-green stormwater systems are assessed in an infra-
structural perspective.

1.3. Aim of the study

The number of studies on the efficiency of individual SCMs, i.e.
microscale evaluations, is abundant. However, less attention has
been directed towards understanding the collective effect of SCMs
in a blue-green stormwater system and their interactions with the
existing sewerage network of the city. It is important to notice that
the process of retrofitting blue-green stormwater systems in
mesoscale has two distinct consequences. Firstly, the retrofit con-
ducts the local runoff in an open system through the implemented
SCMs and secondly, the retrofit isolates/disconnects the catchment
from the upstream sewer network catchments. Therefore, this
study aims to suggest strategies for sustainable implementation of
blue-green stormwater systems and provide a deeper insight into
functions and effects of the systems via:

o Evaluation of an existing blue-green stormwater retrofit with
respect to local flood mitigation (mesoscale: handling local
runoff).

o Analysis of the flooding processes and studying the interactions
at the interface between the retrofit and the surrounding pipe-
bound sewerage system (mesoscale: catchment isolation).

2. Methodology

The study adopts an infrastructural perspective including
different parts of the storm- and wastewater collection system, i.e.
blue-green implementations in the target catchment, sewerage
network upstream and downstream, as well as their possible in-
teractions. The adopted approach is a model-based case study in
the famous large-scale blue-green retrofit, Augustenborg in Malmo,
Sweden (Fig. 1).

2.1. Case-study area

In the aftermath of frequent basement floodings, the
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[ Separate sewer system  #
Combined sewer system |

Fig. 1. Location of the Eco-city of Augustenborg (marked with a star) with respect to
the sewerage infrastructure of Malmé. Arrows represent the general flow direction in
the combined sewer network. The background map is courtesy of the municipality of
Malmo (Malmo stad).

stormwater system in Augustenborg was rebuilt in the late 1990s
by which the runoff from the area was disconnected from the
combined sewer network and was instead handled locally on the
surface through implementations of blue-green stormwater sys-
tems. In the process of retrofitting, the majority of the implemented
SCMs were constructed at elevations lower than the critical flood
elevation of the buildings. Moreover, public spaces such as play-
grounds and yards/lawns were also lowered in elevation. In this
way, not only the residential buildings were secured against
possible flooding, but also a larger retention volume was intro-
duced to the neighbourhood.

The existing underground pipe system is still part of the
municipal sewer network that in the post-retrofit case receives a)
domestic wastewater from the households in Augustenborg and b)
combined stormwater and domestic wastewater from the up-
stream areas of the combined sewer catchment. The connected
upstream catchments are also developed areas and have a total
effective impervious area of approximately 33 ha.

Fig. 2 shows the different sub-catchments and their corre-
sponding systems in the area of Augustenborg. The study area
consists of two major sub-catchments with blue-green retrofits
(Northern and Southern retrofits with areas of 6.3 and 9.5 ha,
respectively) along with a smaller part (3.5 ha) which is drained via
a separate stormwater pipe system. All three systems are ultimately
connected to the municipal sewerage network of Malmo via the
illustrated connection points (CP) in Fig. 2. More details of the sub-
catchments in Augustenborg are described in Nordlof (2016).

2.2. Model concept

The model concept used in this study is based on a coupled 1D/
2D model, in which the 1D model (MIKE URBAN) is used to describe
the pipe network and the 2D model (MIKE21) is used to describe
the overland flow. The integrated software that couples MIKE UR-
BAN and MIKE21 is named MIKE FLOOD (DH]I, 2017). MIKE FLOOD
models were constructed for Augustenborg, simulating the existing
blue-green stormwater system and the situation before the
reconstruction, respectively. Comparison of these two cases made it
possible to achieve a mesoscale evaluation of the implemented
blue-green retrofits in a drainage infrastructure perspective.

2.2.1. Post-retrofit model of Augustenborg
The post-retrofit model of Augustenborg describes the

stormwater system in the area in its current state. The model de-
scribes the separate pipe network, the ponds and canals of the
blue-green stormwater systems, and the terrain of the area (ac-
cording to Fig. 3).

2.2.1.1. Distribution of model components in 1D and 2D. The hy-
draulic model consists of two dynamically coupled sub-models, a
1D (MIKE URBAN) model of the stormwater network, and a 2D
(MIKE21) model of the catchment surface. Different modelling
approaches are applied for the rainfall-runoff modelling in different
parts of the catchment, similar to the method adopted by Chang
et al. (2015). Fig. 3 shows how the surfaces and model compo-
nents are distributed between the 1D and the 2D models. On
directly connected impervious areas (DCIA) such as roofs and
pavements, rainfall is applied directly to the 1D-model. Runoff from
these surfaces is calculated using a time-area method with a con-
stant runoff coefficient as well as a mean surface velocity from
which the time of concentration is derived. On pervious surfaces,
such as parks, and impervious surfaces drained by the open
stormwater system, all rainfall is applied directly onto the 2D
model. The surface runoff is calculated using the 2D shallow water
equations. The 1D model is used to simulate the hydraulics of the
pipe-networks as well as the canals in the blue-green systems.

Infiltration is modelled as a sink in the 2D model. Water is
removed from the surface with an infiltration rate depending on a
given maximum infiltration capacity and the available surface
water volume in each time step, which in turn is also affected by the
surface water velocity. Once the maximum infiltration capacity has
been reached and the soil is saturated, water will be removed from
the surface at a slower rate, corresponding to the hydraulic con-
ductivity of the soil. In this way, it is possible to simulate the situ-
ation in which the pervious surfaces are saturated and start to
contribute to the runoff.

The MIKE21 model is dynamically coupled to the MIKE URBAN
model, enabling simultaneous modelling of overland flow and flow
in the hydraulic network. With this approach, the model can
simulate overland flow draining to the hydraulic network as well as
manhole surcharge. The exchange flow between the 1D and 2D
domain is described by a weir equation.

2.2.1.2. MIKE URBAN model setup. The MIKE URBAN model
describing the pipes and open canals of the Augustenborg system
has been set up based on an existing pipe network database and
field visits to the area. The initial model setup was constructed by
Shukri (2010).

2.2.1.3. MIKE21 model setup. The MIKE21 model has a spatial res-
olution of 2 x 2 m. The model consists of a Digital Elevation Model
(DEM), parameters describing the infiltration layer, and parameters
describing the friction resistance of the surface. Infiltration and
friction parameters are spatially distributed. Initial parameter
values were determined based on land use, and adjusted iteratively
during the calibration process.

2.2.14. Model parameters. Table 1 shows the adjusted values of the
fundamental parameters used in the 1D and 2D models. The input
parameters such as infiltration rates, depth of infiltration layer,
porosity and friction values (Manning's n) were adjusted by simu-
lating three rainfall events with depths of 13.6, 15.6 and 22.8 mm
(captured by a tipping bucket rain gauge with 0.2 mm tip, Casella™)
for which corresponding runoffs from the sub-catchments were
monitored using Mainstream™ Area-Velocity Flowmeters. More
information about the process of the parameter estimation is
described in Nordlof (2016).
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Model boundary

Northern retr
fipebedind
Southern retrofjt

O  Connection point’
(Flowmeter)

% R Rain gauge

Fig. 2. Pipe-bound system, Northern and Southern blue-green retrofits in Augustenborg and their connection points to the municipal sewer network. Connection points marked as
CPy, CPp_g and CPs are the discharge points for the Northern retrofit, the pipe-bound catchment and the Southern retrofit, respectively. Note that the flow is in the Northwest
direction, i.e. towards the connection points. Different types of SCMs are shown in the figure as follows: DP: dry pond; Di: stormwater ditch; SW: swale; WP: wet pond; VC: vegetated
channel; 1B: infiltration basin; GR: green roof. Background picture: GSD-Orthophoto, courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmateriet
(2015). (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. Distribution of model components in 1D (MIKE URBAN) and 2D (MIKE21) models.

2.2.1.5. Model boundary and boundary conditions. The boundary for of the area (shown in Fig. 2). The same model boundary was also
the 2D model is delineated based on the topographic characteristics used for the 1D model for which boundary conditions were
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Table 1

Input parameters for the MIKE FLOOD runoff model.

1D model parameters

2D model parameters

Land use

Runoff coefficient (—)

Surface runoff velocity (m/s)

Leakage rate** (mm/h)

0.036

Storage volume in infiltration layer (mm)

Infiltration rate (mm/h)

Manning's n* (s/[m'?])

o

n/a
nfa
0.1

15
25

10

30

0.67

Grass

S. Haghighatafshar et al. / Journal of Environmental Management 207 (2018) 60—69

or~o

0.036

Sand and gravel
Paved areas

0.025
0.67

nfa

45

120

Green roofs

*Initial values for Manning's n for overland flow were adopted from Gustafsson and Martensson (2014).

**Leakage rate is the rate at which the infiltrated water is drained into the groundwater/deeper soil layers, and thus is removed from the model.
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was monitored and logged by a tipping bucket rain gauge within the area of
Augustenborg.

introduced at the interface of the model boundary with the sur-
rounding pipe network. The water levels and flows at the interfaces
were collected from a larger 1D model for the entire pipe network
of the Malmo city, provided by the local water utility company.

2.2.1.6. Error sources and uncertainties. Since the process of
parameter estimation was based on the observed rainfall-runoff
data that corresponded to milder rain events, some uncertainty is
probably introduced to the simulation results of extreme rain
events/cloudbursts. On the other hand, there are uncertainties
associated with measuring instruments as well. For example, data
from a single tipping bucket rain gauge was used in the simulations,
assuming that the same rain depth/intensity was valid for the
entire catchment. All these assumptions and error sources intro-
duce uncertainties to the modelling process. However, it is impor-
tant to notice that this work does not employ modelling for an in-
depth quantitative evaluation, but rather it uses the models as tools
for understanding general processes and interactions within the
drainage area from a management point of view.

2.2.2. Pre-retrofit model of Augustenborg

The pre-retrofit model describes the hydraulic drainage
network prior to the reconstruction when the area was drained by a
combined sewer network connected to upstream parts of the city of
Malmo. The model had in principle the same setup as the post-
retrofit model (described above) except that it included the DEM
representing the terrain prior to reconstruction and the impervious
areas such as streets, rooftops, etc. were connected to the combined
sewer network. Based on ocular comparison of aerial photos of the
area before and after reconstruction, the total impervious area in
both cases was assessed to be identical.

2.3. Applied rainfalls

For the mesoscale evaluation with respect to handling local
runoff, the cloudburst which fell on the 31% of August 2014 in
Malmo (Fig. 4) was applied to both pre- and post-retrofit MIKE
FLOOD models of the area. During the cloudburst, about 100 mm of
rain fell in less than 4 h including an extreme peak of about 22 mm
over 20 min (between 8:20 a.m.—8:40 a.m.). The cloudburst is
estimated to have a RI of about 200—-300 years based on an
extrapolation using Dahlstrom formula (Dahlstrom, 2010). More
insights into the cloudburst are presented in Table 2.

For evaluating the effects of catchment isolation, a Chicago
Design Storm (CDS) of 100 years RI (see Table 2 for more details)
was applied to the post-retrofit MIKE FLOOD model to investigate
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Table 2
Characteristics of the applied rainfalls for the approaches to mesoscale evaluation.

Duration (min) 31% of August 2014 Cloudburst (Subsection 3.1.) CDS (r = 0.37)* (Subsection 3.2.)

Rainfall depth (mm) RI (years) Rainfall depth (mm) RI (years)

30 27 22 45 100

60 42 45 55 100

120 68 115 65 100

220 100 240 75 100

[ Jo1-02m

I 02-03m

B os-05m

-0.5-1m -b‘!m

Fig. 5. Flood map (maximum flood depth) of the Augustenborg area based on simulations of the cloudburst on 31" of August 2014 for both (a) pre-retrofit and (b) post-retrofit
cases. Background picture: GSD-Orthophoto, courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmateriet (2015). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of this article.)

the effect of the levelled-out runoff from the Southern retrofit in
Augustenborg (CPs). Levelled out runoff from the Southern retrofit
was then translated into an equivalent rainfall over the pipe-bound
catchment resulting in a similar runoff pattern. All RI calculations
were carried out using Dahlstrom formula (Dahlstrom, 2010).

3. Results and discussions

In the following subsections, the results and findings are pre-
sented and discussed at mesoscale with regards to handling ca-
pacity of local runoff and effects from catchment isolation,
respectively, reflecting the two main objectives of the study.

3.1. Mesoscale: handling local runoff

Fig. 5a and b shows the simulation results for terrain flooding in
Augustenborg for cases before and after reconstruction, respec-
tively. The figures illustrate the maximum flood depth in both cases,
i.e. the maximum depth of flood at a given point regardless of time.
In other words, the calculated water depths at different points do
not necessarily occur simultaneously. As seen in Fig. 5a, in the case
concerning the situation before the implementation of the blue-
green system (pre-retrofit case), flood covers about 8.7 ha and is

uncontrolled and widely spread towards nearby buildings and
would probably cause significant damage.

In the post-retrofit case (Fig. 5b), the implementation of a blue-
green stormwater system has resulted in more controlled and
concentrated flooding. Controlled flooding means that excessive
amounts of water lie on the surfaces which are designed and
designated to be flooded. It is also observed that the area covered
by flood (2.8 ha) is reduced by approximately 70% compared to pre-
retrofit case.

A quantitative representation of controlled and uncontrolled
flooding can be seen in Fig. 6 in which a mass balance over the
stormwater systems before and after implementation of the ret-
rofits is illustrated. It is important to notice that the mass balances
reflect the situation only in the stormwater systems in both cases.
In other words, the domestic wastewater system in the Augus-
tenborg (which also receives combined wastewater and storm-
water flows from upstream catchments) is not represented in the
mass balances. The mass balances represent the situation at the end
of the simulated cloudburst, i.e. 10:00 a.m. (see Fig. 4). The boxes in
the centre of the mass balance diagrams show the volume of the
water that is still within the model boundaries (see Fig. 2). From the
total volume of about 22 300 m® remaining in the area in case of
pre-retrofit, about 21 600 m° is on the surface while only 700 m? is
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Domestic wastewater

neighborhoods
33 800 m?

Infiltration

Outflow via
pipe-network
40 500 m?
1400 m®

(a) Pre-retrofit

l Inflow from the adjacent

Outflow via
pipe-network

Inflow from the adjacent

‘v l: neighborhoods

Infiltration

1400 m?

(b) Post-retrofit

Fig. 6. Mass balances (a) over combined sewer network in pre-retrofit case and (b) over the stormwater management system in post-retrofit case within the framework of this
study. Note that in the post-retrofit case, there is a separate flow line for the wastewater from Augustenborg and the combined sewer inflows from the adjacent neighbourhoods,
which is not presented here. The mass balances were calculated at the time by which the rainfall (cloudburst) ended; that was about 6 h after the rain started and about 1 h and
40 min after the rain peak struck. The box in the centre of each mass-balance chart shows the total volume of water within the system boundaries. The number in the circle
represents the volume lying on the terrain, whereas the number in the triangle is the water volume in the structural components of the stormwater systems.

accommodated in the structural components (i.e. combined sewer
pipes).

The situation for the post-retrofit case is considerably different
regarding the distribution of the remaining water. In this case,
about 7700 m> water lies mostly on the designated surfaces while
an almost similar amount (about 6500 m?) is in the blue-green
stormwater structures such as ponds, canals, swales, etc. These
numbers do not include the volume of water which was already
present in the system (mainly in wet ponds) at the very beginning
of the simulation (=2400 m?>). It is important to underline that not
only the distribution, but also the volume of the water to be
handled in the presented cases are extremely different. The com-
bined sewer system in the pre-retrofit case receives more than
twice as much water as the post-retrofit case. This is due to the
integrative behaviour of pipe-bound systems which is reflected in
the amount of combined wastewater and stormwater inflow from
the adjacent neighbourhoods (33 800 m?).

In presence of blue-green stormwater solutions, more water is
expected to infiltrate due to the enhanced infiltration capacity of
the catchment. However, the results show that the total volume of
infiltrated water in the pre-retrofit case is approximately as high as
in the post-retrofit case. This observation can probably be explained
by the broader areas unintentionally flooded in the pre-retrofit case
(compare flooded areas in Fig. 5a and b).

Moreover, it can be claimed that the location of the introduced
retrofit with respect to the entire urban infrastructure plays an
important role in the overall functionality of blue-green storm-
water systems. This is found to be mainly due to the external flow
loads from the neighbouring areas. As shown in Fig. 6, there is a
substantial difference in total volume of water that needs to be
handled in the pre- and post-retrofit cases. In the pre-retrofit case
(Fig. 6a), a considerable volume of water (=33 800 m® of combined
wastewater and stormwater) has entered into Augustenborg's
combined sewer network from the adjacent neighbourhoods while
this amount is completely omitted in the post-retrofit case (Fig. 6b)
since the blue-green retrofit is basically responsible only for man-
agement of local rainfall which falls over the area. This omitted
volume of water in the post-retrofit case is in fact handled by the
existing sewer (pipe) network in Augustenborg. Please note that
the sewer pipe network in Augustenborg, although locally discon-
nected from stormwater inflows, is still part of the combined sewer

network that serves the upstream catchments. In other words, the
total amount of water in both pre- and post-retrofit cases is the
same, but in the latter case, this volume is handled by two separate
systems. Simulation results of the existing combined sewer
network in Augustenborg show that some nodes/manholes in the
model are still flooded mainly due to large inflow from the
neighbouring areas. This type of flooding could directly be associ-
ated with basement flooding in the context of combined sewer
systems. It should also be noted that Augustenborg is located
relatively upstream with respect to the entire sewerage system of
Malmo (Fig. 1), and this might be the reason why it reportedly
managed the cloudburst on 31% of August 2014 relatively better
than the rest of the city (Sorensen, 2016). If Augustenborg was
located further downstream in the network, the volume of com-
bined sewer inflow from the adjacent areas would actually be much
larger and hence a greater risk for basement flooding would exist.
In case of a more intensive rain event, there is also a risk that the
large volume of combined sewer flow entering through the system
boundaries from the neighbouring upstream areas could possibly
cause flooding in downstream catchments or even in the target
catchment despite blue-green retrofits implemented. Conclusively,
the efficiency of blue-green stormwater systems in flood mitigation
can considerably be limited if implemented in an area with a hy-
draulically overloaded pipe-network. Due to the possible over-
pressure in the downstream sections of a pipe-bound sewerage
catchment, it is suggested that implementation of blue-green
stormwater retrofits be considered suitable for the upstream
areas of a catchment. In that case, the resulting lag time and
reduced runoff would benefit the entire network downstream.
Another important point in the context of urban flooding is that
the processes of accumulation of water on the surfaces in the
studied cases are different. In the pre-retrofit case (Fig. 5a), the
generated flood depth is the result of the overloaded combined
sewer pipe-network, i.e. flooded manholes, while in the post-
retrofit case (Fig. 5b), the runoff is intentionally kept on the sur-
face before entering the sewerage network. Consequently, it can
also be reasonably assumed that the water quality may be different.
The flood in the pre-retrofit case is in fact the mixed domestic
wastewater and stormwater accumulated on the surfaces, which is
likely to be contaminated and contains pathogenic microorganisms
(De Man et al., 2014; Ten Veldhuis et al., 2010) whereas the flood in
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Fig. 7. Comparison of conventional pipe-bound systems with blue-green retrofits with respect to flow interactions with upstream and downstream systems for stormwater
management. Flows illustrated with dashed lines represent possible interactions that might occur depending on the constructional circumstances of the system. For instance, an
overflow from the retrofit initiates as soon as the volumetric threshold of the blue-green system is saturated (i.e. detention capacity), while the backflow flooding would occur in the
target catchment only if the drainage gradient of surfaces and elevations dictates so. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

post-retrofit case is considered as local stormwater runoff and is
expected to be less contaminated than combined wastewater and
stormwater.

It is therefore crucial to consider the quality and health-risk
aspects of urban floods in the design process. Implementing blue-
green stormwater systems as temporary detention structures for
combined sewer surcharges shall be avoided since these systems
must be kept relatively hygienic due to their multi-purpose role in
the urban landscape. This is another reason why blue-green
stormwater retrofits shall be implemented as upstream as
possible while severe flooding issues downstream shall be coun-
teracted by adding extra buffer to the network, for example via
introduction of detention basins.

3.2. Mesoscale: catchment isolation (downstream effects)

Fig. 7 is based on the pre- and post-retrofit cases in Augus-
tenborg and illustrates the systematic differences in the flow in-
teractions that pipe-bound and blue-green systems have with the
upstream and downstream catchments. Contrary to pipe-bound
systems, blue-green retrofits disintegrate the catchment and
manage the runoff in a decentralized manner. In other words, the
blue-green retrofit is hydraulically isolated from its upstream.
Moreover, since only the overflow (surplus runoff from the blue-
green systems) reaches the downstream pipe-system, it can be
interpreted as the blue-green catchment relieves pressure down-
stream by holding back the runoff volume/flow. Consequently, not
only the total volume of the runoff within the catchment bound-
aries will be smaller and limited to the local circumstances (due to
elimination of inflows from upstream), the discharge from the
retrofitted catchment will also be smaller and levelled out.

In order to evaluate the effect of the levelled out discharge, the
post-retrofit 1D/2D model was used to simulate the Chicago Design
Storm (CDS) of 100 year RI with 6 h duration. Fig. 8a shows the
simulated hydrographs for the pipe-bound system (at CPp.g) as well
as the blue-green retrofit in the southern part of Augustenborg
(CPs) during the 100 year RI CDS. Both hydrographs are normalized
against the total area of the sub-catchments. It is seen that the
generated hydrograph for the pipe-bound sewerage correlates
strongly with the cloudburst intensity while the outflow from the
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Fig. 8. (a) Simulated hydrographs for a CDS with 100 years RI on the pipe-bound
system (at CPp.g) and the Southern retrofit (at CPs) in Augustenborg. (b) The equiva-
lent rainfall which would generate a levelled-out runoff for the pipe-bound system
similar to the runoff from the Southern retrofit under a 100 year storm. Note the dif-
ference of scale on y-axis for the hyetographs in (a) and (b).
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blue-green retrofit is relatively levelled out and does not contain
any severe peaks. The simulation results show that the peak flow
from the pipe system is approximately 5—6 times larger than the
peak flow from the blue-green retrofit. This levelled out hydro-
graph from the blue-green retrofit during a 100 year rainstorm can
in principle be generated by an equivalent rainfall on the catchment
with the conventional pipe-bound system. Based on this hypoth-
esis, a 1D hydrodynamic rainfall-runoff model was used in order to
estimate the equivalent rainfall which would result in the same
hydrograph from the pipe-bound system in Augustenborg.

However, the equivalent hyetograph can be approximated by a
series of block rains with different durations and average in-
tensities. Two examples of such approximations (with 2-h and 8-h
durations) as well as the equivalent runoff in the pipe-bound sys-
tem are shown in Fig. 8b. As seen in Fig. 8b, the runoff in the pipe-
bound system (CPp_g) is in strong agreement with the levelled-out
runoff from CPs shown in Fig. 8a. Furthermore, the 2-h period
during the peak intensity of the equivalent rainfall corresponds to a
block rain with 6.5 year RI while the entire duration with average
intensity of 20.2 1/s- ha corresponds to a block rain with 26 year RI. It
is worth mentioning that urban catchments are often associated
with shorter times of concentration and hence shorter rain dura-
tions are taken into considerations in the design process. Therefore,
in this specific case, the 2-h rain with 6.5 Rl would be the decisive
rain to consider. This is an indication that the receiving pipe-bound
sewage system of the city, which is designed for rain events of up to
a certain RI, would be considerably relieved if blue-green storm-
water retrofits are implemented. However, more research has to be
carried out in order to find out if extensive implementation of
retrofits could completely alleviate the urban flood issue.

The illustrated levelled out runoff and longer lag time would
relieve the hydraulic pressure in the downstream areas of a pipe-
bound sewerage system. Within the context of a combined sewer
network, this can also be directly associated with 1) fewer com-
bined sewer overflow (CSO) occurrences, especially during first foul
flush (Kim et al., 2009) and 2) the reduced hydraulic loading at the
receiving wastewater treatment plant. Thus, blue-green storm-
water solutions do potentially improve the hygiene and public
health quality even in the downstream areas of a combined
sewerage network.

4. Conclusions

This study concludes that blue-green stormwater systems can
be very efficient in controlling local pluvial floods through larger
retention capacity built in the system as well as flood-oriented
elevation adjustments on the terrain. It is also found that blue-
green retrofits in the core of the cities, where catchments
constantly interact with different drainage systems with different
upstream-downstream conditions, do not necessarily solve the
flooding problem. This is due to overloaded pipe network caused by
the inflows from neighbouring upstream areas. Retrofitting blue-
green systems in downstream catchments of a combined sewer
network would also trigger the risk of them receiving contami-
nated combined sewer floods, which poses high risks for public
health and hygiene. Therefore, it might be more beneficial — from a
sustainability point of view — to start the implementation process
of blue-green stormwater retrofits at the most upstream areas in
the network and then move towards downstream areas.

It is also found that blue-green stormwater systems disintegrate
catchments and manage runoff locally. The detention capacity of
the blue-green systems along with the observed levelled-out
outflow, make the downstream parts of the pipe-bound network
receive flows equivalent to much milder rain events rather than a
cloudburst. This interaction between the existing pipe system of

the city and blue-green stormwater retrofits could possibly sustain
the functionality of the urban drainage infrastructure during the
changed climate era.
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Abstract: Sustainable Drainage Systems (SuDS) can be considered the joint product of water
engineering and urban planning and design since these systems must comply with hydraulic,
hydrologic, and social-ecological functions. To enhance this joint collaboration, a conceptual model of
mesoscale SuDS is introduced based on the observed rainfall-runoff responses from two catchments
with SuDS and a pipe-bound catchment. The model shows that in contrast to pipe systems, SuDS
disaggregates the catchment into a group of discrete mini catchments that have no instant connection
to the outlet. These mini catchments start to connect to each other (and perhaps to the outlet)
as the rainfall depth increases. It is shown that the sequence of stormwater control measures
(SCMs as individual components of SuDS) affects the system’s overall performance depending on
the volumetric magnitude of the rainfall. The concept is useful in the design and implementation
of mesoscale SuDS retrofits, which include several SCMs with different retention and detention
capacities within a system.

Keywords: rainfall-runoff; storm water control measure; SuDS; urban drainage; urban landscape;
urban planning

1. Introduction

Sustainable Drainage Systems (SuDS) within the context of green infrastructure are becoming
more accepted and popular in urban landscapes. Numerous studies indicate that these systems,
besides delivering multiple ecosystem services and promoting public health [1-3], have large retention
capacities for the management of rainfall events up to the design magnitude [4]. It has also been
pointed out that SuDS have positive effects on flood mitigation [5,6]. Therefore, SuDS are occupying
more space in urban landscapes either as an alternative solution or as a complement to the existing
combined or separate wastewater collecting infrastructure. The large retention capacity associated
with SuDS is achieved by introducing extended pervious areas, which allows increased infiltration
along with larger retention and retention volumes as well as slow transport of runoff towards the
outlet point [7]. In other words, the management of storm water with SuDS utilizes urban spaces and,
therefore, affects their functionality. This means that the urban surfaces occupied by SuDS have to
comply with social-ecological qualities besides fulfilling their hydraulic role in an urban drainage
perspective. Therefore, the planning and designing of SuDS has to be brought about collaboratively by
water engineers and urban planners [8-10].

SuDS in urban areas can be implemented at three different levels, i.e., microscale, mesoscale,
and macroscale, which was proposed by Haghighatafshar et al. [11]. A graphical illustration of
these three levels is presented in Figure 1. A microscale implementation of SuDS (Figure 1a) consists
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of scattered individual stormwater control measures (SCMs) from which the excess discharge is
directly connected to the urban drainage pipe-network (either separated or combined sewer networks).
The procedure for designing an individual SCM is already established and widely practiced based
on applying existing methods such as the Rational Method or the Time-Area Method. Details of the
design process for individual SCMs can be found in e.g., Water Sensitive Urban Design [12].

L Implementation levels >

Microscale Mesoscale Macroscale
(Scattered/Single) (Catchment) (City’

. e
SCM, SCM, SCM; SCM, Sewer
network
7Y I:l (N
\_/ | |
Microscale Mesoscale Macroscale
(Single SCM) (Group of SCMs/SuDS) (Sponge city)

Figure 1. Different levels of implementation for SuDS/SCMs, (a) Microscale, (b) Mesoscale, and
(c) Macroscale.

Mesoscale SuDS (Figure 1b) is implemented at the catchment level. This means that a group of
interconnected SCMs are integrated in an urban catchment. In this type of implementation, SCMs are
connected to each other so that the collected stormwater could flow from an upstream SCM to a
downstream SCM. Mesoscale, in this context, has been referred to as “SuDS management train” by [13].
The extensive implementation of SuDS over the entire city catchments could be considered a macroscale
approach (Figure 1c) through which the city could be transformed to a sponge city [14]. In contrast to
microscale, studies regarding the hydraulic performance of SuDS at meso-scales and macroscales, as
the train of several individual SCMs, are comparatively rare in the literature, e.g., [13,15,16].

In order to facilitate the implementation of SuDS, it is necessary to provide tools and models to
enhance the communication between the urban water engineers and urban planners [8]. This can
be done by characterizing SCMs as well as understanding their cumulated affect in a larger system,
which is reported to be challenging and empirically less attended [17].

One of the early standard frameworks for implementation of SCMs was introduced by Stahre [7] in
Sweden in the city of Malmo. Peter Stahre developed administrative procedures where it was outlined
how different SCMs could be implemented on private and public land, respectively. As a result,
several SCMs where introduced in the late 1990s in Malmo as part of the drainage system. A list
of the implemented SCMs/SuDS in Malmo was presented by Haghighatafshar et al. [18]. The most
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prominent of these implementations is the neighborhood Augustenborg in Malmo, which in contrast
to others, is located in the densely constructed and populated part of the city. The implemented
SuDS were, to some extent, demonstration facilities showing the potential and the benefits of a new
game-changing type of planning process where aesthetically designed open drainage systems were
part of the urban landscape in accordance with the motto “make space for the water”. While some
potentially suitable measures were tentatively suggested at each level from upstream to downstream,
the hydraulic and hydrologic performance of the suggested SCMs and of the entire system were not
addressed. With the more intense rainfall events that have been experienced in many parts of the
world as well as an elevated densification of our cities, the interest in SCMs especially in already built
areas has grown [6,11].

The aim of this study is to introduce a new conceptual function-oriented description of the
SuDS at a mesoscale level. The suggested model is based on observed rainfall-runoff data from
the perspective of connectedness of surfaces and, to what extent, they contribute to the observed
runoff. Consequently, the concept is applied to schematize the existing SuDS in Augustenborg as a
demonstration. This approach aims to bridge an engineering design to urban planning and design by
providing a simple hydraulic scheme for mesoscale SuDS.

2. Methodology

This study is based on rainfall-runoff measurements in an urban catchment of about 20 ha in
which the runoff from most surfaces is managed through combinations of SCMs. All the implemented
SCMs in the study area are surface-based (open) stormwater solutions. The study area known as
Augustenborg was originally drained through the underground pipe-system of the city. For two years,
flow measurements were carried out at the most downstream of catchments where the excess runoff is
diverted into the major wastewater collecting system of the city. The following subsections present
the adopted parametrical assessment method, a brief description of the study area, and the employed
measurement instrument.

2.1. The Study Area—Augustenborg

Augustenborg is located in the inner city of Malmo, Sweden and is one of the most renowned
SuDS retrofits. The area is often regarded as a unique example of an integrated collaboration of urban
planners and urban water engineers. In this scenario, an area about 20 ha, which was originally
drained with a combined sewer network, is managed via interconnected combinations of SCMs
(i.e., mesoscale). The area was retrofitted in the late 1990s and has been in operation for about 20 years
now. Augustenborg has been associated with many tentatively positive effects over the years such
as, among other benefits, mitigation of basement flooding [19]. However, the effect and the in-depth
understanding of the function of the SCMs have never been described in detail and the ideas have not
been reproduced elsewhere despite the very positive verdict. One prerequisite for the reproduction is
understanding the functionality so that the results, rather than the layout, can be transferred to other
places. There is, therefore, a need to develop concepts that discuss SuDS and their functionality in a
city-wide perspective to help urban planners and water engineers systematically design and reshape
the urban landscapes through a shared perspective. An enhanced communication between engineers
and planners can help alleviate some of the institutional shortcomings [20] for the widespread adoption
of SCMs.

The Augustenborg area, which is shown in Figure 2, handles the storm water runoff through three
different systems with each serving its unique catchment; i.e., the pipe-system (3.5 ha), the Northern
SuDS (6.3 ha), and the Southern SuDS (9.5 ha). Figure 2 also shows the location of the flow and rainfall
monitoring points as well as the systems’ connection points to the municipal wastewater collection
network of Malmé.
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Connectionipoint’
(R WVnEED)

Rain gauge

Figure 2. The locations of rainfall and runoff monitoring points as well as the catchment delineation
in Augustenborg. The unmarked areas within the borders of the Augustenborg area are directly
drained into the existing municipal pipe-bound combined sewer network. Connection points marked
as CPy;, CPp_g, and CPg are the discharge points for the Northern retrofit, the pipe-bound catchment,
and the Southern retrofit, respectively. Note that the flow is in the north-west direction, i.e., towards
the connection points [21]. For SCM types, see Figure Al. Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmateriet (2015).
[This figure—slightly modified—is adopted from Haghighatafshar et al. [11] with permission].

Catchments in all three stormwater subsystems consist of various types of surfaces such as tile
roofs, green roofs, asphalt surfaces, concrete surfaces, grass, and sand covered areas. A Geographical
Information System (GIS) analysis of different land uses in each of the subsystems in Augustenborg,
using orthophotos of the area, shows that about 50% of the catchment in both Northern and
Southern SuDS is occupied by surfaces assumed to be impervious from an engineering point of
view (i.e., tile roofs, asphalt, and concrete) while the corresponding value in the pipe-bound catchment
is above 70%. Green roofs make up a considerable part in the Southern SuDS (about 11%) while
it is almost negligible in the pipe-bound catchment as well as the Northern SuDS. A schematic
representation of different land uses in the area are presented in Table 1. The numbers are based on a
GIS-analysis of the land use and the digital elevation model (DEM) of Augustenborg by Nordlof [21].
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Table 1. Distribution of different types of surfaces in the catchments in Augustenborg extracted from
Reference [21].

Pipe-Bound  Northern SuDS  Southern SuDS

Surface Type
P ha % ha % ha %
Tile roof 0.5 15 1.7 27 1.7 17
Asphalt/Concrete 2.0 56 15 24 3.0 32
Grass area 1.0 28 29 46 3.0 31
Green roof 0.0 0 0.0 0 1.0 11
Sand 0.0 1 0.1 1 0.8 8
Gravel 0.0 0 0.1 2 0.1 1
Total 3.5 100 6.3 100 9.5 100

Different types of the implemented SCMs in the Northern and Southern SuDS are shown in
Figure 2. The Northern SuDS consists of a major flow-path of swales and a stormwater ditch to which
some stormwater ponds are also connected. Outflow from the Northern systems occurs in the form
of overflow from the final pond (Figure 2 (CPy)). In contrast, the Southern SuDS includes several
relatively large retention ponds (with larger areas/freeboards) with a considerable area of green roofs
at the most upstream parts of the catchment (Figure 2 (GR)). Outflow from the Southern SuDS is the
result of overflow from the final pond in the system (Figure 2 (CPs)). Some photos of the SCMs in
Augustenborg are presented in Appendix A.

2.2. On-Site Measurements

Discharges from the sub-catchments were monitored and logged at connection points (marked as
CP in Figure 2). The flow was measured using Mainstream Portable AV-Flowmeters with velocity
and level sensors. Flow-monitoring was carried out for a period of over two years, which is shown in
Figure 3. A total of 10 rainfall events (denoted A-J) with reliable corresponding flow measurements
were selected. The selected rainfalls were all volumetrically considered, which means that they led to
a discharge from at least one of the SuDS in Augustenborg. As seen in Figure 3, all selected rainfalls
belong to the period of May—-August during which most intense rainfalls were observed. Details of
the selected rainfall events are shown in Table 2. The rainfall was monitored and logged by a Casella
CEL tipping bucket rain gauge with 0.2 mm resolution, which was installed at the south-east part of
the area.
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E B
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Figure 3. Hyetograph over the period of the study.
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Table 2. Calculated REIAs and their corresponding contribution coefficients for 10 rain events.

Rainfall Rainfall  Rainfall Vout (m®) Contribution Coefficient—Equation (2) (-)
Evael:l i;D Depth Duration Pipe-System Northern Southern Pipe-System Northern Southern
(mm) (b (5ha)  SuDS(6.3ha) SuDS(95ha)  (35ha)  SuDS(63ha)  SuDS (9.5 ha)

A 7.8 0.45 107.47 24.28 0.00 0.55 0.10 0

B 10.6 3.37 129.56 n/a 5.40 0.49 n/a 0.01

C 134 218 189.55 107.78 14.00 0.57 0.25 0.02

D 13.8 9.25 197.15 86.22 12.76 0.57 0.19 0.02

E 15.6 478 174.31 96.43 11.14 0.45 0.19 0.02

F 174 3.90 165.17 142.27 132.66 0.38 0.25 0.16

G 17.8 15.5 154.73 117.23 101.4 0.35 0.20 0.12

H 19.0 22.7 268.9 164.49 93.75 0.57 0.27 0.11

1 226 4.15 273.23 258.04 215.89 0.48 0.35 0.20

] 28.4 9.14 352.19 288.53 293.02 0.50 0.32 0.22

2.3. Runoff-Equivalent Impervious Area

The parts of the impervious surfaces in a catchment that are hydraulically connected to the
drainage network within the context of pipe-systems are known as directly connected to an impervious
area (DCIA) [22]. DCIA is often regarded as an effective impervious area (EIA) in an interchangeable
manner [22-24], which implies that the effectiveness of the surfaces from a runoff contribution point of
view is reflected in DCIA. DCIA has widely been employed to understand the rainfall-runoff patterns
in urban basins. Lee and Heaney [25] report that connectedness of the impervious area has the most
noticeable effect on urban hydrology. It has also been shown that mild changes of imperviousness
are reflected as amplified runoff responses. For instance, grass areas contribute to runoff as soon as
rain intensity exceeds the infiltration rate [22]. It is also important to consider that the routed runoff
from ineffective impervious areas onto the pervious surfaces would lead to rapid consumption of
percolation capacity, which makes the previous surface react as impervious [26]. The generated runoff
under such scenarios is then not only contributed by DCIA, but also other types of impervious and
pervious surfaces start to contribute.

Using the same indicators for functionality of various types of stormwater handling systems
makes it easy to compare and understand the role of these systems in urban runoff management.
While DCIA can be quantified through GIS maps of high spatial resolution as well as intensive in-situ
assessment of the catchment connected to the pipe network [27], it is not convenient to apply the same
method to SuDS since the boundaries between the “catchment” and the “system” cannot be clearly
drawn in case of SuDS. Therefore, a lumped parameter representing the runoff-equivalent impervious area
(REIA) is introduced in this paper to explain the activeness of the surfaces. This parameter, REIA, is the
equivalent surface area with 100% contribution to runoff, which is calculated based on the observed
accumulated outflow from systems. It should be noted that REIA and DCIA could be identical
parameters in case of pipe-bound conventional drainage systems. The difference between these two
parameters lies in their conceptual definitions through which REIA could be used for evaluating
the efficiency of SuDS as alternative solutions for urban runoff management and is estimated using
Equation (1).

Vout
R

in which REIA is expressed in m2, V,,; is the total volume of the observed runoff outflow at the most
downstream point (m%), and R is the rainfall depth (m). Total runoff volume was measured until the
discharge was either zero or reached a minimum before the subsequent rainfall. The ratio between
the observed REIA and the GIS-based quantified total impervious area (TIA) is then considered as the
contribution coefficient of the system (Equation (2)).

REIA =

M

REIA

buti e
Contribution coef ficient TIA

@



Water 2018, 10, 1041 7 of 16

3. Results and Discussion

3.1. Development of the Conceptual Model

All 10 rainfall-runoff datasets (hyetographs and hydrographs) included in this study are provided
as supplementary material. Figure 4 shows two examples of the observed rainfall-runoff events.
Rainfall I (Figure 4(I)) is the most intensive rainfall event with a recurrence interval of about two years
according to Dahlstrom (2010) [28]. It has one peak with a large depth that leads to discharges from
both the Northern and the Southern SuDS. Rainfall D (Figure 4(D)), however, consists of two peaks
while the discharge occurs only from the Northern SuDS and only in connection to the second peak.

Time Time

0:00:00 3:00:00 6:00:00 9:00:00 12:00:00 __ 0:00:00 2:00:00 4:00:00 6:00:00 8:00:00 _

1 1 1 1 oY = i ? ¢ g e =

= - £

£ g

H H

1 E 1 E

2 z

£ <

Depth=13.8 mm 2 g Depth= 22.6 mm 2.8

Duration: 9.25 h = Duration: 4.15 h 3 =

3 3 &

03 0.3
g g
§ 02 § 0.2

E E
& )
] =
o =3
2 2
(=] =]

s & ® ® N & S & & &
< + & S F & & F & S
Time Time
Pipe-system Northern SuDS Southern SuDS Rain intensity

i g W

Figure 4. Two examples from the monitored hyetographs and hydrographs during this study.
See rainfalls D and I in Table 2. The details of all rainfall-runoff observations are provided as

supplementary material (available online).

Analysis of the hydrographs, which are the normalized outflows against the total catchment
area, shows that the pipe system is very sensitive to rain peaks even in smaller magnitudes. In other
words, there is always an observed peak in the hydrograph, which corresponds to a certain peak
monitored in the rain pattern (see Figure 4(D) and Figure 4(I)). The correlation between the rain
intensity and the outflow from the pipe-system indicates that pipe-systems are flow oriented and
should be designed in accordance with flow capacity. In contrast to the pipe-system, the outflow from
SuDS is observed to be a function of the rainfall depth rather than rainfall intensity. For instance,
as seen in Figure 4(D), outflow from the Northern SuDS occurs in connection with the second peak
observed at about 8 h 45 min after the start of the event while there is no outflow from the system at
the first peak in the rain (at about 30 min after the start of the event). This means that the first part of
the rainfall (60 min from the start, depth = 8 mm) is retained in the SuDS and to some extent fills the
existing capacity while the second peak, although lower (depth = 6 mm), exceeds the threshold and
initiates an outflow from the Northern SuDS.

The monitored hydrographs indicate an almost negligible delay in the flow initiation in the pipe
network followed by relatively shorter lag times, i.e., 5-20 min depending on the rainfall pattern.
The observed lag time for Northern SuDS and Southern SuDS was found to be about 20-100 min and
90-190 min, respectively.
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The observed range of accumulated rainfall required for the initiation of runoff in the pipe system
is found to be 0.8 mm to 2.2 mm, which aligns with findings of Albrecht [29] who reported a runoff
initiation threshold of 0.8 mm to 2.3 mm for cool and hot weather, respectively. The almost immediate
initiation of flow in the pipe system can be an indication that the major part of the flow is contributed
by the DCIA, which lies close to the measurement point. In contrast to the pipe system, the small
contribution coefficient in the catchments with SuDS (see Table 2) agrees well with the observed
long periods of delay in the flow initiation, which is an indication of larger retention capacity of the
SuDS catchments.

The larger retention capacity in the SuDS can be accredited to storage, evapotranspiration, and
direct and indirect infiltration. The term indirect infiltration is assigned to the infiltration that takes
place when the runoff from impervious surfaces is diverted to pervious surfaces for infiltration.
In contrast, direct infiltration is when the rain falls on a pervious surface and is infiltrated directly.

Table 2 summarizes the total discharge volumes (V,,;) and their corresponding contribution
coefficients for the catchments in Augustenborg for 10 rainfall events were monitored for two years.
Figure 5 presents the graphical illustration of the calculated REIA values for the subsystems in
Augustenborg. As observed in Table 2, the contribution coefficient for the catchment with pipe-system
is about 50% (i.e., 0.48 £ 0.08%) of the TIA. This is in agreement with the published literature in
which the proportion of contributing surfaces (also regarded as EIA) is reported to vary from 14%
to 60% depending on the physical characteristics of the catchment such as slopes, gutters, curbs,
and more [30-33].

Pipe-bound Northern SuDS Southern SuDS

5 TiA=4.7 ha

RPN 1 X 71 R

REIA (ha)

e %®
[ *
0 10 20 0 o 10 20 0 0 10 20 30
Rainfall depth (mm) Rainfall depth (mm) Rainfall depth (mm)
(a) (b) (c)

Figure 5. Calculated REIA in case of the observed rainfalls for all three catchments in Augustenborg
compared to the TIA (based on field surveys and GIS maps as given in Nordlof [21]): (a) Pipe-bound;
(b) Northern SuDS; (c) Southern SuDS.

The contribution coefficient is considerably lower in the catchments with SuDS implementations
(varying values) but note that the two SuDS (Northern and Southern) differ with respect to how
they react under different rain depths. The REIA in the Northern SuDS tends to increase gradually
when the rainfall depth increases (Figure 5b) while, in the Southern SuDS, the REIA is generated first
when the rainfall depth exceeds a larger threshold of about 17 mm (Figure 5c¢). It was also observed
that the outflow from the SuDS in Augustenborg is not only levelled out and flat (no intensive
peaks as seen in Figure 4) but is also much smaller in accumulative volume when compared to the
pipe system (compare the contribution coefficients given in Table 2). This implies that the retention
capacity including surface storage, infiltration and evapotranspiration in catchments with SuDS in
Augustenborg is higher than the pipe-bound catchment.

The observed gradual increase in the REIA for the Northern SuDS (REIA from 0.3 ha to 1.1 ha
corresponds to rainfall depths of 8 mm to 23 mm, which is shown in Figure 5b) means that the
contributing proportion of the catchment grows as the rainfall depth increases. The corresponding
projection of this observation in the field could be considered if the system is constituted of a network
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of several small disaggregated (discrete) individual mini catchments with each having a certain
retention volume. These discrete mini catchments are filled gradually as the rainfall depth grows.
Eventually, when their threshold is exceeded, overflow to the corresponding immediate downstream
mini catchment. Accordingly, if the rainfall depth is large enough, the number of connected mini
catchments increases and the accumulated overflows might finally contribute to the final discharge
from the system.

The same conceptual model is also valid for the REIA trend observed for the Southern SuDS.
As seen in Figure 5¢ and Table 2, the calculated REIA is almost negligible for rainfall depths up to
about 16 mm while a dramatic increase is observed in the case of 17 mm of rainfall. The same concept
presented above (discrete mini catchments) explains the observed phenomenon. A possible explanation
for this very abrupt alteration in behavior (sudden jump in REIA from 16 mm to 17 mm of rainfall) could
be associated with the relatively large retention volume at the most downstream part of the Southern
SuDS (see Figure A1(DP 4)). Another possible explanation could be that some other mini catchments
further upstream join the rest of the system when a threshold is exceeded. Both hypotheses could
generate a relatively large outflow volume considering the possible connectedness of the catchment
at that stage after the initial 16 mm has filled up the capacity up to the system’s threshold. However,
application of the concept to the systems in Augustenborg could possibly reveal what hypothesis is a
valid explanation for the observed phenomenon.

A schematic illustration of the conceptual model is presented in Figure 6. In this illustration,
five retention cells (SCMs) with each having a connected mini catchment area = A are presented.
The constant connected area, A, for each SCM is assumed to promote the comprehensibility of the
conceptual model. Each of these SCMs has a certain retention capacity as different multiples of an
assumed unit capacity (i.e., V [mm]). The retention capacity of each SCM is reflected in the size of
the schematic circles in Figure 6. As evident in Figure 6, both illustrated models have identical total
retention capacity (=25 x V), but the circumstances under which a discharge is initiated from the
systems depend on the spatial distribution of the mini catchments with respect to their retention
capacity. It is important to note that retention capacity, V, in this context is considered the sum of
surface storage, retention, and losses in the form of infiltration and evapotranspiration.

Discharge

Scenario X Scenario Y

Figure 6. Conceptual illustration of two extreme setups for construction of SuDS with different
components. Please note that all the shown mini catchments have the same area, i.e., A, while the size
of the circles represents the retention capacity of SCMs: (a) Scenario X; (b) Scenario Y.

Figure 6a (Scenario X) is comparable to Northern SuDS in Augustenborg. The mini catchments
with smaller retention capacities are placed close to the discharge point. A consequence of this
configuration is that a discharge from the system will be observed as soon as the most downstream
mini catchment (1 X V) is saturated in capacity, which is when the rain depth exceeds 1 x V. As the
rainfall depth continues to increase, more mini catchments are connected to each other and contribute
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more to the final discharge. The growth direction of the contributing catchments in this case is
downstream-to-upstream, i.e., links are activated from d towards a (Table 3).

Table 3. Response matrix of the conceptual model in the case of scenarios X and Y (see Figure 6).

Rain Scenario X Scenario Y

nny Active Links  Discharge - Contributing g, Discharge - Contributing
<1 XV - - - - -
2XV - 1xV A a - -
3XV - 2xV A a,b - -
4xXV d 4xV 2 x A a,b,c - -
5xV d 6 XV 2 x A a,b,cd - -

6 XV d, c 9 xV 3x A a,b,c,d 5xV 5x A
99XV d,c,b 20 x V 4xA a,b,cd 20 x V 5x A
10 X V d,c,ba 25 xV 5x A a,b,cd 25 xV 5x A

In Figure 6b (Scenario Y), comparable to the situation in Southern SuDS, the final discharge would
not flow out unless a certain rain depth is obtained. In the specific example, the outflow from the
model presented as Scenario Y is initiated when a rainfall larger than 5 x V mm is applied on the
system while all rainfalls up to 5 x V mm would result in higher connectedness of the system without
any downstream discharges. In this type of setup, the connectedness of the system propagates from
the upstream towards the downstream, i.e., links are activated from a towards d (Table 3).

In the presented conceptual model, if a longer lag time is desired for the system, it is more
beneficial that the SCMs with higher retention or retention capacity are placed downstream.

Additionally, relatively smaller volumes of discharge can also be expected for rainfalls up to a
certain magnitude (see the data for rainfall 6 x V in Table 3). These advantages become especially
important and effective when the final recipient for the SuDS is the municipal sewer system, which is
the case in Augustenborg. In the municipal sewer system, the bought time in terms of longer lag times
may be enough for the receiving pipe-bound stormwater network to maintain some pressure relief.

Figure 6 along with Table 3 illustrate the basic concept behind the functionality and behavior of
SuDS in a full-scale urban catchment by demonstrating two straightforward examples under simplified
circumstances in which connectedness grows along a single pathway. Basically, the SCMs can be
visualized as a flow train of interconnected bowls with physical properties that, at least from theoretical
point of view, should be quantifiable. Once the properties have been determined, the functionality of
the flow train is set.

However, in contrast with the unique setups of the concept (Figure 6), each SCM in a real
implementation of mesoscale SuDS is assigned to a specific mini catchment varying in area and
characteristics. In addition to the local retention depth available (= storage depth in the freeboard,
S}b—O— storage depth in the infiltration layer, Si, f) in the SCM, the area of the connected catchment
is also important in the overall retention performance of the SCM. It is also assumed that the effect
of evapotranspiration is negligible in case of short term individual rainfall events. Therefore, it is
excluded from the model. Consequently, in order to be able to compare the retention capacity of each
SCM, the effective retention of each SCM is calculated, according to Equation (3).

Ri (Shy + Shup) X Ascu 3)
e DCIAi

in which R! is the effective retention capacity of the SCM i (mm), S}b is the storage depth in the
freeboard of the SCM (mm),an f is the storage depth in the infiltration layer, A’lSC v is the area occupied

by the SCM (m?), and DCIA' is the directly connected impervious area to the SCM (m?2). Please notice
that DCIA (mainly tile roofs and some asphalt in the Northern SuDS [21]) is used to simplify the model
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since it is anticipated that DCIA is the dominant parameter for runoff volume, which is reported by
Shuster et al. [19].

3.2. Remarks on the Schematized Augustenborg

The developed conceptual model is used to characterize the processes in the Northern and
Southern SuDS in Augustenborg. Figure 7 shows the conceptualized representations of Northern (top)

and Southern (bottom) SuDS in Augustenborg based on the effective retention depth (Equation (3))
of SCMs.

Augustenborg

L) “

)A}hm < £

Figure 7. Conceptual illustration of Northern SuDS (top) and Southern SuDS (bottom) in Augustenborg.
Each SCM is represented as a circle. The size of the circle corresponds to the effective retention capacity
of the SCM, i.e., R.. Please notice that the SCMs belonging to the Northern SuDS are indexed with
Roman numerals while SCMs in the Southern SuDS are numbered with Arabic numerals. The size of
the circle representing SCM is an indicator of its effective detention depth (sizes are not proportionally
correct). The background picture is acquired from Google Earth.
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In Table 4, all the different SCMs have been systematically assigned names and properties
accordingly. The details of the characterized SCMs shown in Figure 7 are also presented in Table 4.
Equation (3) and Equation (4) were subsequently employed to build a model to estimate the discharges
from the SCMs along all the flow paths in the Northern and Southern SuDS. The model was built in an
Excel spreadsheet.

Table 4. Characteristics of the SCMs in the Northern and the Southern SuDS in Augustenborg.
The sequence of the SCMs with respect to flow path (upstream-downstream) is illustrated in Figure 7.

Storage, Infiltration S::nf SCM Area, Effective Retention,

. 2
System  SCM ID Sh, (mm) (mm) Ascn (m?) DCIA (m?) R (mm)

SWI 5 5 740 7780 53

WP I 250 0 90 3920 57

WP IT 250 0 200 1120 446

Northern | yp gy 250 0 90 1620 139
5uDS SWII 5 15 240 3400 14
Dil 5 0 80 2100 02

WP IV 350 0 160 3500 160
GR1 0 I 10,000 10,000 5
WP1 200 0 140 8500 33

DP1 105 45 100 560 26.8

Di1 200 0 98 1685 116

WP 2 150 0 700 560 1875

Southern |\ 4 35 25 800 3150 15.2
SubDs DP 3 105 45 170 2760 9.2
INE. 2 0 25 800 1300 154
DP2 0 15 200 1180 25

INE 3 500 25 115 5460 111

DP 4 25 25 900 300 150.0

More information about the type of the implemented SCMs are shown in Figure 2 (also in
Appendix A). The information regarding the characteristics of the SCMs (S;fn fr S}b, and AL.,,) as well
as their corresponding mini catchment (DCIA') is collected from the hydrodynamic model of the area,
which was developed by Haghighatafshar et al. [11], the on-site measurements, and the GIS maps.
These parameters are relatively easy to estimate and can be measured on site.

As seen in Table 4, it is obvious that water ponds, (Dry Ponds and Wet Ponds) are the backbone of
the systems regarding effective retention, which account for a total effective retention depth of 80 mm
and 380 mm in the Northern and Southern SuDS, respectively. The second most important feature
in terms of effective retention are the infiltration areas that contribute with approximately 42 mm of
effective retention in the Southern SuDS. In case of infiltration areas, effective retention capacity in
most cases has two components, which include a storage volume that can be determined from the
geometrical properties of the basin and measured on site, and the infiltration capacity (i.e., the function
of the underlying soil properties).

The ditches and the swales, however, have a limited storage volume since they add up to 7 mm
and 12 mm of effective retention depth to the Northern and Southern SuDS, respectively. For the
observed rain events, these components act as connection nodes between the different ponds and also
provide a connected and diverse blue-green landscape. Despite relatively large retention at the most
downstream pond in the Northern SuDS (WP 1V), a discharge is initiated as soon as rainfall depth
reaches around 7 mm. This rapid fill-up of retention capacity is due to the two upstream SCMs, i.e., Di I
and SW II, from which the discharged volume overrides the remaining free capacity in WP IV and leads
to a discharge. By comparing the conceptual approach with the onsite SCMs in the Northern SuDS,
it can be claimed that using swales with large DCIA as the backbone of SuDS for the conveyance of
runoff from upstream SCMs to downstream SCMs without introducing substantial retention structures
on the flow path leads to decreased overall effectiveness of SuDS in runoff reduction. This aligns with
findings of Qin et al. [34] who found that the retention capacity of swales is very limited and, therefore,
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is saturated quickly. Generally, ponds and infiltration basins with an overflow threshold (freeboard)
have a pronounced role in the overall runoff retention when compared to other SCMs.

At this point, it is important to make clear that, although different SCMs can relatively easily
be translated to effective retention volumes, the concept of SuDS needs to be studied through a
combination of SCMs to be understood and adopted by the city planners as well as the individual
house-owners. This is the key to the success of this technique. In order to better understand the
response pattern of the different combinations of SCMs, it is beneficial to expand our knowledge on
how SuDS as the flow train of different SCMs can be introduced in the best way.

At this stage, the conceptual model provides a better understanding of hydraulics that prevail
in mesoscale SuDS implementations, which can promote the required dialogue between different
actors at the planning phase. However, in the prospect of future studies, the concept can be further
developed to estimate the discharge hydrographs from mesoscale SuDS. A mathematically simple
representation of the hydraulics in mesoscale SuDS could result in computationally faster models.
Such fast models can then be used for large-scale simulations as an alternative to the computationally
costly and time-consuming 2-dimensional distributed hydrodynamic models. Fast and cheap models
are needed to study the upscaling effects of SuDS on the city-level.

4. Conclusions

Extensive rainfall-runoff measurements at two urban catchments with SuDS along with one
pipe-bound catchment were used to investigate the systems’ responses at different rainfalls. Runoff
measurements at the most downstream point of each catchment showed that, in contrast with the
SuDS, the flow from the pipe-system was directly affected by the rainfall intensity. However, the total
runoff volume was still a function of the total rain depth. In order to describe this transformation
that takes place in a SuDS, a conceptual model was introduced from the viewpoint of catchments’
runoff-equivalent impervious area. In the model, implementation of SuDS disintegrates the catchment
area into a group of discrete and disaggregated mini catchments. These mini catchments establish
connections with each other depending on the volume of the rain event. The dynamics of the conceptual
model demonstrated that the order and placement of different stormwater control measures within the
framework of SuDS with different retention capacities affects the overall performance of the system.
The conceptualization of SuDS establishes a new platform for further evaluation and discussion
of these systems at mesoscale. The model promotes the communication between urban planners
and water engineers. This, in turn, can lead to the design of SuDS in which hydraulic performance
alongside aesthetical and architectural quality is taken into consideration.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4441/10/8/1041/
s1, Figure S1: Rainfall A, Figure S2: Rainfall B, Figure S3: Rainfall C, Figure S4: Rainfall D, Figure S5: Rainfall E,
Figure S6: Rainfall F, Figure S7: Rainfall G, Figure S8: Rainfall H, Figure S9: Rainfall I, and Figure S10: Rainfall J.
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Appendix A

Figure A1. The photos of some of the implemented SCMs in Augustenborg. Different types of SCMs
are shown in the figure as follows: (DP 4) dry pond, (Di I & 1) stormwater ditch, (SW I & II) swale,
(WP 2, II & IV) wet pond, (INF 3) infiltration basin, (GR) green roof. The major runoff directions in the
Northern and Southern systems are SW I — WP IV and GR — DP 4, respectively. Pictures for INF 3,
WP 2,Di1, and SW I & I are taken by Henrik Thorén (Rambell). Background picture: GSD-Orthophoto,
courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmiteriet (2015).
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ARTICLE INFO ABSTRACT

Keywords: This study presents a deterministic, lumped model to simul 1 inable d: systems (SuDS)

SubS based on a conceptualization of the stormwater control measures (SCMs) making up the system and their in-

SCM fluence on the runoff process. The conceptualization mainly relies on parameters that are easily quantifiable

xo:elli;g based on the physical characteristics of the SCMs. Introducing a nonlinear reservoir model at the downstream
ydraulics

end of the SuDS results in a fast model that can realistically describe the runoff process at low computational
cost. Modelled hydrographs for the study area in Malmo, Sweden, matched data with regard to the overall shape
of the hydrograph as well as the peak discharge and lag time. These output parameters are critical factors to be
considered in the design of large systems consisting of mesoscale SuDS. The algebraic foundation of the de-
veloped model makes it suitable for large-scale applications (e.g., macroscale), where the simulation time is a
decisive factor. In this respect, city-wide optimization studies for the most efficient location and implementation
of SuDS are substantially accelerated due to fast and easy model setup. Moreover, the simplicity of the model
facilitates more effective communication between all the actors engaged in the urban planning process, in-
cluding political decision makers, urban planners, and urban water engineers.

Rainfall-runoff
Urban hydrology

1. Introduction

Sustainable drainage systems (SuDS) are considered as a viable al-
ternative for urban drainage in a changed climate. SuDS as a concept
has been around since the 1970s, but has gained increased attention in
the research community during the recent decades due to full-scale
implementations. So far, numerous research and investigations have
focused on the effects and consequences of stormwater control mea-
sures (SCMs) at local scale, whereas a clear shortage has been identified
regarding the knowledge on upscaling SCMs (Golden and Hoghooghi,
2018). Thus, determining the hydraulic behavior of SuDS is of great
significance and different modelling approaches have been suggested
for describing individual SCMs as constituents of SuDS (Garcia-Serrana
et al., 2017; Locatelli et al., 2014; Roldin et al., 2013). However, ex-
amples of models covering both the mesoscale (neighbourhood-scale)
and macroscale (city-scale) processes are relatively rare. Two major
factors are known to be the main reasons for the lack of appropriate
modelling approaches at these scales: (1) scarce large-scale im-
plementations of SuDS in cities (Loperfido et al., 2014; Zhang et al.,

* Corresponding author.

2012) and (2) complexity of the existing modelling methodologies
leading to extensive parameter estimation and calibration/validation
procedures, as well as computationally costly models (Elliott et al.,
2009; Freni et al., 2010; Haghighatafshar et al., 2018b; Jayasooriya and
Ng, 2014; Krebs et al., 2014; Locatelli et al., 2014). Therefore, studies
regarding upscaling of SuDS to a city-wide level, which demand nu-
merous simulations of SuDS-drainage network interaction, are pre-
sently not feasible using the available distributed hydrodynamic models
(e.g., MUSIC, SWMM, MIKE 21 and MIKE FLOOD). Even models based
on artificial intelligence (Al), such as Artificial Neural Networks (ANN)
using machine learning techniques that are widely used for rainfall-
runoff simulations in regional scale watershed studies — with rare ap-
plications in exclusively urban studies — (Adamowski and Prasher,
2012; Hu et al., 2018; Mosavi et al., 2018), would not serve the urban
drainage requirements with regard to upscaling of SuDS to city level.
This is mainly because such black-box models do not provide sub-
stantial information on how the characteristics and the configuration of
the system would affect the runoff outcome, ignoring any interaction
between SuDS and the existing pipe-network. More importantly,
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SW: Swale

WP: Wet pond

DP: Dry pond

GR: Green roof

INF: Infiltration basin
Di: Stormwater ditch

Fig. 1. The configuration the Northern and Southern SuDS, Augustenborg with different types and setups of SCMs, adopted from Haghighatafshar et al. (2018a).

enormous amount of monitored rainfall-runoff data with large diversity
are required for training the model to deliver reliable results for any
likely scenario (Géron, 2017; Halevy et al., 2009). Such datasets are
rarely available within the field of urban drainage modelling.

In order to tackle the abovementioned challenges regarding large-
scale simulations, new appropriate and efficient model concepts have to
be developed for SuDS. Since urban drainage infrastructure performs as
a dynamic and interconnected complex system of systems — i.e. re-
servoirs, SCMs, SuDS, pipe-networks, combined sewer overflows (CSO),
wastewater treatment plants, receiving waters, etc. — the required si-
mulation tool for SuDS should be capable of taking hydraulic interac-
tions with the other elements of urban drainage network into con-
sideration, in addition to being fast and reliable. The compromise
would be to adopt simplified conceptual models for SuDS with focus on
estimation of key parameters of the generated hydrographs, a catch-
ment response time parameter and the peak discharge (Gericke and
Smithers, 2018).

Thus, the aim of this study is to develop a fast, robust and flexible
physically based model for inexpensive simulation of existing SuDS at
meso- and macroscale with focus on estimation of lag time (as the se-
lected catchment response time parameter) and peak discharge. The
model has to be capable of being coupled with 1-dimensional sewer
models for investigation of interactions between SuDS and sewer net-
works. This can be used in preliminary screening studies regarding the
required retention capacity and the location of SuDS with respect to the
entire sewer network (Zoppou, 2001), while in the later stages of the
study, more complex models can be employed for detailed investigation
of the selected locations.

2. Methodology

Haghighatafshar et al. (2018a) introduced a conceptual model for
SuDS, developed using observed discharge patterns from a full-scale
implementation of unique mesoscale SuDS in downtown Malmé,

528

Sweden. The model schematized mesoscale SuDS as a 1-dimensional
series of interconnected retention basins (SCMs) of different sizes and
types. It was shown that the order and placement of the constituent
SCMs determine the overall performance of the SuDS. In the present
study, the conceptual model is implemented mathematically to estimate
the total discharge volumes using easily quantifiable physical para-
meters. Moreover, the model is further developed and enhanced to si-
mulate the entire discharge hydrograph from mesoscale SuDS with the
objective to predict the peak discharge and lag time, which are im-
portant parameters in the design of individual SCMs as well as meso-
and macroscale SuDS. The algebraic formulation of the developed
model makes it suitable for large-scale applications (e.g., macroscale),
where the simulation time is a decisive factor. The development of the
model is based upon studies made in Augustenborg in Malmo, Sweden.
Flow measurements at the SuDS in Augustenborg were carried out
during a 2-year period and were used for calibration and validation of
the model. This section provides information about the case study area
and the discharge measurements.

2.1. Augustenborg, Malméo

The Augustenborg area in the centre of Malmo, Sweden, contains
unique examples of mesoscale SuDS. Augustenborg was originally
drained via the municipal combined sewer network that was built
during the 1950s. However, in the late 1990s, the runoff from the area
was discc ted from the combined sewer system and it was led
through the SuDS-retrofits constructed on the surface. The area consists
of two separate SuDS-retrofits (denoted as the Northern and Southern
SuDS), in total encompassing a drainage area of about 16 ha. The im-
plementation of SuDS-retrofits in Augustenborg was done as part of a
larger project for upgrading the social status of the neighbourhood. The
Northern SuDS serves a catchment of about 6.3 ha and mainly consists
of swales and open channel/ditch systems with a few wet ponds. The
Southern SuDS receives runoff from an area of about 9.6 ha and is more




S. Haghighatafshar, et al.

Northern SuDS Southern SuDS

B 28% Tile roof B 17% Tile roof

3 23% Asphalt/Concrete 3 32% Asphalt/Concrete
=3 1% Green roof =3 11% Green roof

B 48% Sand/Grass/Gravel B 40% Sand/Grass/Gravel

Fig. 2. The distribution of different types of surfaces in the Northern and
Southern SuDS, Augustenborg.

diverse in terms of the employed SCMs. Green roofs, infiltration basins,
wet/dry ponds, swales, and designated flood area are all present in the
Southern SuDS.

The outflow from both systems is eventually discharged into the
underground pipe network of the city, where the flowmeters were in-
stalled. The configuration and setup of the Northern and the Southern
SuDS in Augustenborg are presented and discussed in detail in
Haghighatafshar et al. (2018a). The layout of the implemented SCMs in
each system and their connection order are presented in Fig. 1.

Fig. 2 shows the distribution of different types of surfaces in the
Northern and Southern SuDS in Augustenborg. As seen, almost 50% of
the surfaces in both the Northern and Southern SuDS consist of pervious
surfaces of different kinds. Green roofs encompass a substantial share of
the catchment for the Southern SuDS (approximately 11%), whereas
the share of green roofs in the Northern SuDS is negligible (1%).

2.2. Rainfall-runoff measurements

The discharge from the Northern and the Southern SuDS in
Augustenborg was measured at the most downstream points of the
catchments where the overflow from the systems is diverted into the
municipal pipe-network. The flow gauges used in this study were
Mainstream Portable Area-Velocity (AV)-flowmeters. A single tipping
bucket rain gauge with 0.2 mm resolution, Casella CEL, was installed in
the area for monitoring the rainfall. The rainfall and runoff was mon-
itored and logged for about 2 years recording 10 larger rainfall events
that generated significant discharge from the systems; these events
were selected for model calibration and validation in this study. Table 1
presents the characteristics of the recorded rainfall events denoted with
the identifiers (IDs) A to J. The four recorded rainfall events with the

Table 1

The characteristics of the rainfall events used in this study.
Status Rainfall ID  Rainfall depth Rainfall duration  Rainfall peak

(mm)

Validation A 7.8 1.34 0.07
Validation B 10.6 3.41 3.05
Validation C 13.4 225 0.03
Calibration D 13.8 9.34 875
Calibration E* 15.6 4.84 0.23
Calibration ~ F” 17.4 3.92 0.07
Calibration G 17.8 15.58 11.77
Validation H 19.0 22.70 2.64
Validation 1 22.6 4.17 1.42
Validation J 28.4 9.17 6.58

? Rain E was only included in the calibration of the Northern SuDS.
b Rain F was only included in the calibration of the Southern SuDS.
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median depths (i.e. D, E, F and G) were selected to be used for the
calibration, while the remaining six events (both smaller and larger
than the calibration events) were kept for the validation.

Lag time in hydrological studies may have different definitions de-
pending on the compared reference points on the hectograph and the
corresponding hydrograph (Gericke and Smithers, 2014; Schulz and
Lopez, 1974). However, in the context of urban hydrology, lag time can
also be calculated as the time interval between the rainfall peak and the
peak discharge (Grayson et al., 2010; Mansell, 2003), which is also
employed in this study. In case of rainfall events with double peaks, the
later peak and its corresponding discharge are employed for the lag
time calculations. The reason behind this specific criterion is the hy-
pothesis that the first peak is possibly consumed for filling the retention
capacity in the system, whereas the second peak has a direct connection
to the peak discharge.

2.2.1. Possible error sources

It is important to note that the on-site measurements of flow and
rainfall are subjected to some degree of uncertainty. The flowmeters
tend to miss the low flows when the water depth in the pipe is less than
the thickness of the sensor. The effect of this uncertainty on the total
runoff volume depends on the characteristics of the hydrograph with
respect to the distribution of volume against flow. Moreover, it is as-
sumed that the rainfall recorded by the single tipping bucket rain gauge
is homogeneously distributed and thus is representative for the entire
study area. However, studies show that the spatial variation in the
rainfall pattern (with respect to depth, intensity, and duration) can be
substantial, even across sub-kilometer catchment scale (Fiener and
Auerswald, 2009). It is also found that the spatial variability resulting
from the rainfall dynamics, i.e., movement of rainfall over a catchment,
affects the resulting hydrograph (Singh, 1997). For example, in case of
Augustenborg, the Southern SuDS with a catchment area of 9.6 ha is
more than 50% larger than the Northern SuDS and this could negatively
affect the reliability of the runoff measurements in the Southern SuDS
compared to the Northern SuDS.

3. Model development
3.1. Schematization of SCMs and mesoscale SuDS

In the specific schematization employed in this study, a single SCM —
regardless of its type — is defined by three fundamental parameters,
being the surface area of the SCM (Ascw), retention depth in the free-
board (Sp) and rapid infiltration depth (Si,) (Haghighatafshar et al.,
2018a). Rapid infiltration depth in this context is the infiltration ca-
pacity primarily provided by the unsaturated zone of the filter medium.
For simplicity, it is assumed that the infiltration process stops as soon as
the available capacity in the unsaturated zone is consumed, i.e., no
seepage of infiltrated water to the groundwater/deeper soil layers is
considered. The values for the rapid infiltration depths are adopted
from (Haghighatafshar et al., 2018b; Nordl6f, 2016).

Fig. 3 shows how these three parameters are defined to characterize
the principal retention-based functions of a SCM.

The SCMs in Augustenborg are characterized based on the scheme
presented in Fig. 3 and their characteristic values are presented in
Table 2.

Mesoscale SuDS consist of multiple interconnected SCMs, as shown
in Fig. 4, through which proportions of the rainfall are intercepted in
upstream SCMs (effective retention, R}), and the rest of the runoff flows
to the immediate downstream SCM (ie., Vi,). Consequently, a dis-
charge from the entire system is initiated when the retention capacity of
the most downstream SCM is exceeded. Thus, the model operates by
employing a volume transfer approach, where the storage volumes and
the volume transfers are derived from the properties of the SCMs and
the general characteristics of the catchment. The governing equations
for effective retention and discharge volume from each SCM are given
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Fig. 3. The employed scheme for a single SCM within the framework of the developed model. Agcy: surface area of the SCM, Sg,: retention depth in the freeboard and

Sine: rapid infiltration depth.

by equations (1) and (2).

i

 (Shy + Sinp) X Al

¢ DCIA! @
R — R) X DCIA ¢
vi, = BRI XDAA | 5y
1000 = @

In equations (1) and (2), R! is the effective retention capacity of the
SCM i (mm), Spis the storage depth in the freeboard of the SCM (mm),
Sy is the storage depth in the infiltration layer, Agcy, is the area oc-
cupied by the SCM (m?), DCIA' is the directly connected impervious
area to the SCM (m?), V%, is the discharged volume from the SCM (m®),
R is the rainfall depth (mm), and 27:1 Vi is the sum of the inflow to
the SCM from the adjacent upstream SCM(s) (m®), where a is the
number of the immediate upstream SCMs connected to component i.
Notice that if V,, < 0, it should be set equal to zero. Depending on the
depth of rainfall with respect to the effective retention capacity
(R — R,), Eq. (2) represents different possible conditions with regard to
the SCM. These conditions can be categorized as follows:

R > R} — The local retention capacity of the SCM, i.e., Spy + Siy is
already exceeded and a discharge is initiated from the SCM. Any in-
coming volumes from the immediate upstream SCM(s), i.e., ijl vid,
will also pass through the system, without any retention.

R = R} — The local retention capacity of the SCM, i. Spp + Sf,,j, is
already achieved so depending on whether there is an input from the

immediate upstream SCM(s), there might be a discharge from the
system: Vi, = 30, Vol

R < R! — The local retention capacity is partly used up. This means
that the discharge from the system is initiated if and only if
T, Vi > BRI 5o i, = 0.

In order to develop the volume-based equations (1) and (2) to de-
scribe flow from the SuDS, the rainfall data should be introduced as an
equally spaced accumulated rain depth time series. In this study, the
constant time-step is selected to be 5min (i.e., At = 5min). Thus, for
any given time (t), equation (2) can be transformed to equation (3). No
flow distribution is considered for the discharge from the components;
the outflow from a component is obtained as an average flow for the
entire time step.

i
_ Vit - Vit
At

et R x bl oo Vil

At X 1000 J=1 AL

- i1

fori=l.n gy

In which, g™ is the discharge from component i at time t and R**" is
the accumulated rainfall (mm) at time ¢. This equation is used to de-
scribe the discharge from components i= 1..n. The flow characteristics
of the discharge at the most downstream point in the SuDS (n) is
especially important when simulating the influence of the entire urban
drainage network on the runoff process. In the schematization used in
this paper, the discharge from component (n) is assumed to be the in-
flow to a virtual component (Q;,), for which the discharge (Q) is si-
mulated using a non-linear reservoir model. Fig. 4b shows how the final

Table 2
The ct istics of the impl d SCMs in the Augustenborg's SuDS, adopted from Haghighatafshar et al. (2018a,b).
System SCM ID Storage, S}, (mm) Infiltration Sf,; (mm) SCM area, Ascyr (m*) DCIA (m*) Fed by
Northern SuDS SWI 5 15 740 2780 -
WPI 250 90 3920 -
WP I 250 0 200 1120 SWI, WPI
WP III 250 0 90 1620 -
swi 5 15 240 3400 WP 11, WP 1II
Dil 5 0 80 2100 SWII
WP IV 350 0 160 3500 Di I
Southern SuDS GR1 0 45 10000 10000 -
WP 1 200 0 140 8500 GR 1
DP1 105 45 100 560 WP 1
Di1 200 0 98 1685 DP 1
WP 2 150 0 700 560 Di 1l
INF. 1 35 25 800 3150 -
DP3 105 45 170 2760 -
INF. 2 0 25 800 1300 -
DP2 0 15 200 1180 WP 2, INF 1
INF. 3 500 25 115 5460 DP 3
DP 4 25 25 900 300 DP 2, INF 2, INF 3

SW: Swale, WP: Wet pond, DP: Dry pond, Di: Ditch (stormwater ditch), GR: Green roof, INF: Infiltration basin.
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Fig. 4. (a) Schematization of mesoscale SuDS based on the conceptual model introduced by Haghighatafshar et al. (2018a). (b) Enhanced version of the volume-

transfer model resulting in discharge (flow) simulation.

discharge is treated in the applied scheme, leading to the following
equation:

= ks

B e Qu-0u M3 B g ksm @
where S (m®) is the dynamic storage volume in the virtual reservoir, k
(min~!) and m (no units) are the reservoir coefficients.

As seen, the model utilizes very few (three) and consistent para-
meters to describe different types of SCMs, namely Sp, S;,; and Agcy-
This consistency and small number of parameters make the process of
the parameter estimation relatively easy and straightforward compared
to other models like SWMM, which requires approximately 12 para-
meters for simulation of green roofs or 7 parameters for pervious pa-
vement structures (Jato-Espino et al., 2016).

The open-source programming language Python™ was employed for
implementation of the model, as well as parameter estimation (cali-
bration), validation, and sensitivity analysis. The Python-code gener-
ated for the model is able to communicate with Microsoft Excel in
which an easy-to-use method is employed to describe the configuration
of the mesoscale SuDS, similar to the setup presented in Table 2.

4. Results and discussion
4.1. Total flow volume

The ten rainfall events, monitored during the study, were simulated
to estimate the total discharge volume using equations (1) and (2).
Fig. 5 shows the observed discharge volume versus the results from the
model. As seen, the model can reproduce the observed discharged vo-
lumes for the ten rainfall depths recorded during this study without a
complex calibration process. In other words, only the physical de-
scription of the system, through equations (1) and (2), suffices to yield a
satisfactory estimation of the total discharge volume. It is also shown
that using DCIA as the sole contributor to the runoff can be an efficient
alternative to simulate rainfalls of up to 2.5 mm/min with a maximum
depth of about 30 mm.

4.2. Model calibration

Since not all of the registered rainfalls generated runoff/discharge,
especially in the Southern SuDS, only three rainfall events with dif-
ferent volumes and durations (out of the total 10) were selected for
calibrating the model for the Northern SuDS (rainfalls D, E, and G) and
the Southern SuDS (rainfalls D, F, and G) as shown in Tables 2 and 3.

The Nash-Sutcliffe Efficiency Index (NSE) (Nash and Sutcliffe, 1970),
was employed to objectively estimate the optimum k and m parameters
for the nonlinear reservoir model, equation (4), and is presented in
equation (5) below:

oG- @)

NSE =1 — —
N (Q - Q)

, —oo <NSE <10
(5)

where Q; and Q; are the modelled and observed discharge values, re-
spectively. Q; is the mean of the observed values and N is the number of
data points in the sample (sample size).

The NSE has been widely employed in hydraulic and hydrological
studies in order to assess the accuracy of the models (Brunetti et al.,
2017; Palla and Gnecco, 2015; Rujner et al., 2018; Soulis et al., 2017).
An NSE of 1 indicates perfect model fit with observations, whilst an NSE
of 0 implies that the model is as good a predictor as the mean value of
the observations (Jain and Sudheer, 2008).

The results of a preliminary investigation showed that the linear
reservoir model showed as good agreement with observations as the
nonlinear reservoir model (i.e. m-values for the Northern and Southern
SuDS were about 1.05 and 1.10, respectively). Thus, the hydrographs
behave according to a linear reservoir model. Consequently, to further
simplify the model, a linear reservoir model was employed instead, i.e.,
m = 1. The model was then calibrated with respect to only the k
parameter, which furthermore reduces the search space of the cali-
bration problem, thereby decreasing the difficulty in the parameter
estimation. In order to avoid negative and zero discharges, k is re-
stricted to have positive/nonzero values during the calibration process.
The final calibration procedure using the NSE was formulated as the
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Fig. 5. Modelled and observed discharge volumes from the Northern and the Southern SuDS in Augustenborg for the studied rainfall events. Note that no flow

measurement was available for Rainfall B (10.6 mm) in the Northern SuDS.

following optimization problem:

max NSE

wrt k

s.t. Equations (1) — (4)
k>0

The results of the calibration are presented in Table 3. With a
constant value of 1.00 for m, the parameter k was calibrated to 0.017
min ! and 0.014 min ! for the Northern and Southern SuDS, respec-
tively. The obtained maximized NSE values are also presented in
Table 3. It is noted that the NSE values for the Northern SuDS are
considerably larger than those of the Southern SuDS, implying that the
selected calibration rainfall events deliver more reliable values for the
calibration parameters in the former case. This can also be seen in the
calibrated mean k where the corresponding standard deviation is
smaller for the Northern SuDS ( = 0.005) than that of the Southern
SuDS ( = 0.009). Generally, with respect to the achieved maximum NSE
during the calibration process, most values are classified either Sa-
tisfactory (0.50 < NSE < 0.65), Good (0.65 < NSE < 0.75) or Very
good (NSE > 0.75) based on a performance rating suggested by Moriasi
et al. (2007).

4.3. Model validation

Fig. 6 shows examples of modelled versus observed hydrographs for
the SuDS in Augustenborg. The model is able to satisfactorily predict
the discharge rates from both the Northern and Southern SuDS for all
events using similar parameter values, which indicate model reliability
and robustness. NSE was also employed to evaluate the goodness of fit
between measured and modelled values. NSE values, as shown in Fig. 6,
are mostly high and close to 1.0 which is an indication for good
agreement between observed and modelled discharge rates. The ob-
served and modelled hydrographs for the Northern SuDS generally
show a better agreement that those of the Southern SuDS. For Rainfall J
in the Southern SuDS, NSE is found to be -0.18. This is the only rela-
tively low value among the NSEs found in this study, which can be due
to in-built model characteristics that does not consider the reduction in

Table 3

retention capacity due to antecedent rainfalls. As seen in Fig. 6f, the
model underestimates the discharge rates during the first rainfall peak,
while the discharges for the second peak in the rainfall are better es-
timated. This means that most probably, there has been an antecedent
rainfall prior to the first peak, which has already filled up the SCMs. An
already filled system, thereby, leads to higher discharge rates at the first
peak in the rainfall, while the model assumes that the retention capa-
city of the system is vacant, generating smaller discharge rates. This
effect decreases as the second rainfall peak strikes, leading to better
modelled results.

Fig. 7 illustrates the performance of the model with regard to peak
discharge for all rainfall-runoff events recorded in this study for the
Northern and the Southern SuDS, respectively. The model produces
comparable results for the Northern SuDS (Fig. 7a), whereas the si-
mulations for the Southern SuDS show less good agreement with the
observed data (Fig. 7b).

Fig. 8 shows how the modelled lag time deviates from the observed
values after normalization with the rainfall duration. It is important to
note that the accuracy of the estimated lag time shall be considered
with regard to the duration of the rainfall. A longer rainfall duration
implies that it is more likely to have a larger error between the mod-
elled and the observed lag time. In order to compensate for the rainfall
duration, the error between observed and modelled lag time is nor-
malized with the rainfall duration. Results of the modelled lag times in
the systems of Augustenborg also show that the Northern SuDS (Fig. 8a)
is better simulated than the Southern SuDS (Fig. 8b). In addition to the
error sources explained in section 2.2., the lower agreement between
the observed and the modelled parameters in the Southern SuDS can
partly be explained by the more complex discharge conditions and di-
verse types of SCMs that prevail in the Southern SuDS. Overall, the
model is found to produce satisfactory results considering the simpli-
fications made to achieve fast and easy simulations at low computa-
tional costs.

Such a fast and easily applicable model is essential for demanding
simulations (e.g., city-wide modelling, application of long-term rainfall
time series, Monte-Carlo techniques), but will also play an important

The results of the calibration for m and k values as well as their corresponding NSE,,.x obtained in Northern and Southern SuDS in Augustenborg.

Rainfall ID Northern SuDS Rainfall ID Southern SuDS
k m NSEpnax 13 m NSEpnax
D 0.011 1.00 0.70 D 0.006 1.00 0.12
E 0.023 1.00 0.78 F 0.026 1.00 0.70
G 0.017 1.00 0.85 G 0.010 1.00 0.59
Mean (deviation) 0.017 ( + 0.005) 1.00 ( = 0.00) 0.78 ( £ 0.06) Mean (deviation) 0.014 ( + 0.009) 1.00 ( = 0.00) 0.47 (£ 0.25)
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Fig. 7. Model performance with regard to peak discharge for (a) Northern SuDS (b) Southern SuDS in Augustenborg.

role in facilitating the communication between urban water engineers
and urban planners who are supposed to design and implement SuDS
through a mutual perspective and collaboration.

However, the current version of the model is designed and devel-
oped to simulate single rain events, since it does not take the relief in
retention capacity through infiltration and evapotranspiration into ac-
count. Moreover, initial soil moisture and evapotranspiration processes
for the permeable surfaces of the catchment are also excluded for
simplicity as the model employs only DCIA as the contributing surface
to runoff. It is possible, that in the future developments, such functions
could be added to the description of the SCMs through employment of
physically-based infiltration equations, e.g., nonlinear/linear reservoir
models.

In order to extend the applicability of the model to nonexistent
systems/unmonitored catchments with different configurations and
outlet setups, it may be possible to relate the calibration parameters of
the nonlinear reservoir model, i.e., k and m, to some physical char-
acteristics of the system. For instance, the model parameters k and m
could tentatively be estimated if the nonlinear reservoir model is in-
terpreted as a weir equation (or bottom outlet equation) governing the
discharge. The fact that the weir discharge from SuDS, as demonstrated
for Augustenborg, in principle follows a linear reservoir dynamics (i.e.,

m = 1) makes the described process more convenient (only k needs to
be estimated). In addition, the fact that the calibrated values of k for
both systems (0.017 and 0.014 min ™~ ! for Northern and Southern SuDS,
respectively) are very close and have similar order of magnitude can be
interpreted as an indication for the physical similarities in outlet setups
of the systems. In this way, the number of coefficients to be estimated
can be reduced, substituted with recommended values instead, while
yielding a more robust and easy-to-use model.

4.4. Sensitivity analysis

To gain insights to how the different parts of the model affect its
response, sensitivity analyses were performed for both the Northern
and the Southern systems. These were carried out using the One-Factor-
at-a-Time (OFAT) method, which entails perturbing one parameter
(ceteris paribus) and studying the effect on the model output (Nolin
et al., 2018). The OFAT method is simple to implement, and is helpful
in understanding the dependency of the model on the investigated
parameters (Delgarm et al., 2018). In this case, SCM properties (such as
retention, SCM area, DCIA) as well as the nonlinear reservoir model
parameters (k and m) were individually perturbed at three different

levels, i.e., = 10%, = 25% and * 50%, representing reasonable,
(a) (b)
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Fig. 8. Relative deviation of modelled lag times from observed values, normalized against the total duration of the rainfall.
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Fig. 9. Sensitivity analysis based on OFAT method showing the obtained NSE for the Northern and Southern SuDS in case of = 50% alteration in the model

parameters.

moderate, and extreme perturbation scenarios, respectively. Note that
no recalibration of the model was performed during this investigation,
and the k values of 0.017 min~ ' and 0.014 min ™" for the Northern and
Southern SuDS, respectively, were used when not perturbed them-
selves. The results from the OFAT sensitivity studies for the Northern
and Southern SuDS when perturbing the aforementioned parameters
are presented in Fig. 9, in which the relative variation of the achieved
NSE after perturbation (NSEp) against the calibrated/nominal NSE
(NSEnominal = 0.92 [Northern SuDS]; 0.84 [Southern SuDS]) is used as
an indicator for model sensitivity.

The results show impact from all perturbations, making the NSE
lower than or equal to the nominal case; this is expected since the
nominal case is calibrated to maximize the NSE. However, = 10%
perturbations (Fig. 9a and b) for all parameters result in acceptable NSE
values, retaining 75%-100% of the nominal NSE for +10% perturba-
tion for both Northern and Southern SuDS, whereas in case of —10%
perturbation, model performance slightly deteriorates for k and m for
the Northern SuDS. In general, regarding the lumped parameters, the
model is found to be more sensitive to perturbations of m compared to
those of k, but this has a negligible significance since the model beha-
vior is rather linear, which means m is in general equal to 1.0.

In case of + 25% perturbations, the model performance deteriorates
considerably for the Southern SuDS, while the Northern SuDS tends to
retain acceptable results. It is also important to note that the SCM-
specific parameters (R., Ascm and DCIA) are relatively easily quantifi-
able; thus, + 10% perturbations is assessed to be more realistic for
them than + 25% and * 50% perturbations.

There is a clear difference in the effect of the perturbations on the
two systems, where the response of the Southern model is impacted to a

higher degree for all perturbations except for those on k. Furthermore,
varying k by + 50% has a relatively small effect for the Southern SuDS,
whereas it has a similar effect as the other parameters for the Northern
SuDS. Combined, the low effect of k and the difference in effects be-
tween the two systems indicate that the physically based model is ro-
bust and captures system behavior quite well, since the lumped para-
meters do not change the solution substantially. It also highlights the
importance of proper quantification of the SCM-specific parameters —
tolerating an error of about + 10% — as these can have a large influence
on the model output.

5. Concluding remarks

The event-based model developed in this study fulfills the overall
objective, which was to predict the discharge pattern (hydrograph)
from mesoscale SuDS at low computational costs and with acceptable
accuracy. The complete hydrograph from a mesoscale SuDS for a 10-h
rainfall event is generated in a matter of seconds. This model property
facilitates large-scale/city-wide optimization studies that are essential
for long-term, sustainable performance of urban drainage networks.
Such city-wide optimization using the developed rapid simulation tool
could be regarded as a preliminary screening stage after which more
complex models can be employed for further investigation at selected
sites and locations for prospective SuDS retrofits. Presently, the model
uses the nonlinear reservoir equation only to characterize the last
compartment in the SuDS. A more detailed and representative approach
would be to apply the nonlinear reservoir model to the discharges from
all the upstream SCMs as well, i.e., g™, ¢, ..., ¢"~ ", It might also be
desirable to introduce infiltration and evapotranspiration rates — as sink
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functions — to the components (SCMs) to facilitate long-term continuous
rainfall-runoff simulations. However, for validation this would require
more extensive data collection at many discharge points from the SCMs.
Furthermore, it means that the k and m constants have to be quantified
for each compartment (SCM), which will make the model a more
complicated tool to use. On the other hand, depending on the type of
SCM, analytical or empirical expression may be developed for k and m.
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1. Introduction

The limitation in drainage capacity and its consequent outcomes
have been discussed among urban engineers since the late 19th century
(Kuichling, 1889; Lloyd-Davies, 1906). The focus on urban flooding as a
serious challenge has been intensified due to the observed increase in
the frequency of rainfall events/pluvial floods as a result of climate
change. Cities have struggled with the mitigation of urban flooding ever
since and have recently become interested in the notion of blue-green
stormwater solutions, also known as stormwater control measures
(SCM). However, there is still no consensus in the scientific community
or among the city authorities on how, where and to what extent these
solutions shall be implemented.

Many large and old cities have inherited a larger proportion of their
infrastructure from the far past. In a changing climate, it is highly de-
sirable to sustain the functionality of the existing infrastructure and to
maintain resilience in the case of natural catastrophes. This is especially
desirable from an economic point of view, as the intensity and fre-
quency of extreme rain events are increasing. This can be done by in-
troducing flexibility to urban infrastructure, avoiding a technical lock-
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Ith.se (S. Haghighatafshar).

The development of tools to help cities and water utility authorities communicate and plan for long-term sus-
tainable solutions is of utmost importance in the era of a changing and uncertain climate. This study introduces a
hybrid modeling concept for the cosimulation of mesoscale blue-green stormwater systems and conventional
urban sewer networks. The hybrid model successfully introduces the retention/detention effects of mesoscale
blue-green stormwater systems to the hydraulic dynamics of the sewer network. The cosimulation package was
further facilitated with a cost-oriented multiobjective optimization algorithm. The aim of the scalar multi-
objective optimization was to minimize the total cost comprising both flooding costs and action costs — both
parameters solely representing the financial components of cost — through optimal placement of mesoscale blue-
green systems of optimal size. The suggested methodology provides a useful platform for sustainable manage-
ment of the existing sewer networks in cities from a hydroeconomic perspective.

in to solely pipe-based drainage systems. In addition, further urbani-
zation in terms of altered land use and further densification leads to
increased impermeable surfaces compared to the situation for which
the drainage system was designed. This means that even under a con-
stant climate scenario, elevated flooding will still be a serious challenge
considering the current urban planning and engineering practices
(Berndtsson et al., 2019). Cities are trying to enhance the capacity of
the drainage system by increasing the safety margins in the design
criteria as well as by replacing the existing pipes with larger culverts.
This is done, for instance, by introducing climate factors to design
criteria (Arnbjerg-Nielsen, 2012; SWWA, 2016; Watt et al., 2003), up-
dating intensity-durationfrequency (IDF) curves (Guo, 2006;
Hailegeorgis et al., 2013; Lima et al., 2018; Mailhot et al., 2007) and
construction of large stormwater tunnels in cities (Dolowitz et al., 2018;
VA SYD, 2019). Such measures might be effective to some extent, but in
the era of a nonstationary climate — as demonstrated and argued by
Milly et al. (2008), Vogel et al. (2011), and Liu et al. (2017b) — ma-
nipulation of drainage capacity might not be an optimal solution. A
parallel solution would be to manipulate the contributing catchments —
by introducing retention/detention capacities, e.g., via blue-green
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stormwater systems — to modify the volume and the flow of the gen-
erated runoff (Azzout et al., 1995; Fletcher et al., 2015; Stahre, 2006,
1993).

Blue-green stormwater systems aim to mimic a naturally-oriented
water cycle as well as introducing amenity by juxtaposing water and
greenery in urban environments (Everett et al., 2015). These systems
combine natural hydrological and ecological values and are shown to
have considerable contributions to flood mitigation (BlueGreenCities,
2019). This is done by slowing down runoff and by improving in-
filtration, evapotranspiration, detention, and surface storage. Green
roofs, wet and dry ponds, swales, biofilters (raingardens), and infiltra-
tion basins are all individual solutions (SCMs) within the context of
blue-green stormwater management. In this paper, however, a blue-
green system is defined as an interconnected group of blue-green
stormwater solutions or SCMs, which can be implemented on different
scales depending on the effect they are expected to deliver (Demuzere
et al., 2014). The presented definition for the blue-green stormwater
systems — as used within the context of this paper - is also regarded as
sustainable drainage systems (SuDS) (Fletcher et al., 2015). According
to a classification by Haghighatafshar et al. (2018b), blue-green
stormwater systems can be implemented at:

® microscale, where single and discrete blue-green stormwater solu-
tions or SCMs are implemented locally and the discharge from each
SCM is directly connected to the urban drainage network;
mesoscale, where the blue-green stormwater system is implemented
as a group of tree-structured SCMs, in which the discharge from one
(or more) SCM(s) flows into the next immediate SCM lying down-
stream and eventually to the recipient/urban drainage network.
This configuration of SCMs is frequently referred to as “SuDS
management train” (Kirby, 2005). A detailed conceptualization of
mesoscale systems is presented and discussed by Haghighatafshar
et al. (2018a) as a definition for blue-green stormwater systems;
macroscale, where blue-green stormwater systems are upscaled to
the city level and in a hydraulic context, might have considerable
effects on the functionality of the existing urban drainage network.

Whilst acknowledging all legal and institutional obstacles
(Berndtsson et al., 2019; Wihlborg et al., 2019), one of the possible
scenarios with respect to the realization of the macroscale blue-green
stormwater systems is to upscale the mesoscale blue-green stormwater
system, i.e., to replicate the mesoscale blue-green stormwater system in
multiple locations of the city (Haghighatafshar et al., 2018a). The re-
plication of mesoscale blue-green stormwater systems in multiple lo-
cations in the city could result in the concept of sponge cities — a concept
and practice developed in China (Liu et al., 2017a; Ren et al., 2017;
Zhang et al., 2018) - or a macroscale blue-green stormwater system
(Haghighatafshar et al., 2018a) in which city surfaces are designed to
contain enough infiltration, retention or detention volume to overcome
the consequences of flooding along with stormwater management,
rainwater harvesting and stormwater quality improvement (Zhang
et al., 2018). The collection of these services in the cities could po-
tentially help survival of the highly contrasted wet and dry seasons
(Trenberth et al., 2014) that lead to floods and droughts, respectively.
The literature available concerning the macroscale implementation of
blue-green stormwater systems within the context of sponge cities is
increasing, and different aspects of the challenge are addressed (Fenner
and Richard, 2017; Li et al., 2019; Ren et al., 2017; Zhang et al., 2018).
For instance, land availability, land use, population density, topology
and geological characteristics have been addressed for the im-
plementation of stormwater control measures by investigating the
urban morphology (Bach et al., 2013; Romnée et al., 2015). There are
also studies that have looked into biophysical factors as well as the
sociodemographic status of urban districts for the likely implementa-
tion of blue-green stormwater systems (Kuller et al., 2016). Zischg et al.
(2018) and Cunha et al. (2016) have studied how microscale SCMs
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(single blue-green stormwater measures) and underground storage
units along the pipes affect the performance of the local pipe network
under design storm scenarios, and have consequently recommended a
placement strategy. A similar study was carried out by Wang et al.
(2017), who have optimized placement of storage tanks using a two-
stage approach for flood mitigation. Zischg et al. (2019) take a step
further and develop a methodology for assessing the influence of dif-
ferent sociotechnical pathways on the future transitions of urban drai-
nage systems. There are also studies through which microscale im-
plementations of blue-green measures in smaller urban districts are
optimized (Eckart et al., 2018; Huang et al., 2018; Leimgruber et al.,
2019). Furthermore, investigations regarding the macroscale hydro-
economic optimization of multiple mesoscale blue-green stormwater
systems in interaction with the existing and mostly underground urban
drainage infrastructure have recently been drawing attention in the
scientific community (e.g., Bakhshipour et al., 2019; Glenis et al., 2018;
Zhou et al., 2018). Sustaining the functionality of the existing drainage
network, especially the combined sewer network, which is associated
with basement flooding and higher health risks, is a crucial subject in
cities worldwide.

Such upscaling of mesoscale blue-green stormwater systems has
hypothetically the potential to prevent the hydraulic overloading of the
drainage network. However, economic consequences should also be
taken into consideration since economy — along with ecology and so-
ciety - is one of the fundamental pillars of sustainability (Wilkins,
2008). This means that both the quantity (retention volume) and lo-
cation of the mesoscale blue-green stormwater systems (i.e., distribu-
tion of retention volumes) with respect to the existing drainage network
must be investigated and optimized with regard to costs and benefits.
Costs and benefits may, in a broad context, include a range of different
socio-ecological factors in addition to monetary/financial aspects.
However, in order to delimit the study boundaries in this paper, we
focus on strictly financial costs related to the implementation of blue-
green systems and flood hydraulics.

Therefore, the aim of this study is to develop and introduce a
methodology to systematically locate mesoscale blue-green stormwater
systems throughout the city to achieve the lowest possible flooding-
damage related costs through a cost-effective implementation scenario.
Having the methodology development in focus at a large-scale view, a
generic transfer of mesoscale blue-green systems is applied in order to
facilitate the theoretical siting and sizing of these systems throughout
cities. It should be noted that practical implementation with regard to
detailed design and choice of SCMs according to local circumstances in
each catchment - e.g. land availability, land ownership, and physical
characteristics of the area — is left for complementing studies.

2. Software architecture

To perform the optimization study, cosimulation of physical rain-
fall-runoff processes encompassing three different domains was struc-
tured. These domains were:

D; Hydrological simulation of conventional catchments

D, Hydrological and hydraulic simulation of blue-green catchments
D3 Hydrodynamic simulation of the sewer system loaded by the
results from domains D; and D,.

To manage the cosimulation of these three domains, a hybrid model
consisting of two modules, hydrological and hydraulic, was constructed.
Domains D; and D are included in the hydrological module, whereas
domain Dj is simulated under the hydraulic module.

The model concerning the simulation of the mesoscale blue-green
system (Domain D) is the model developed and presented in detail by
Haghighatafshar et al. (2019), while the rainfall-runoff engine of MIKE
Urban by DHI was employed for the hydrological simulation of con-
ventional catchments (Domain D;). The mesoscale blue-green model
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Fig. 1. The modeling and optimization logics (encompassing four major modules) were implemented in MIKE Operations to couple MIKE Urban and MesoBGM.

(MesoBGM) - introduced by Haghighatafshar et al. (2019) — simulates
the hydrograph of the discharge from a mesoscale blue-green storm-
water system. This discharge is then accumulated with MIKE Urban’s
rainfall-runoff (MIKE RR) output and is introduced as the input to the
1D MIKE Urban hydrodynamic simulation model (MIKE HD). MIKE
Operations by DHI were employed as the cosimulation platform to fa-
cilitate communication between the three models, i.e., MesoBGM, MIKE
RR, and MIKE HD. The suggested algorithm implemented in MIKE
Operations is presented in Fig. 1, encompassing four major modules:

User-defined/automated feed where the parameter sets for the defi-
nition of catchments as well as the system parameters are managed.
Hydrological module for calculation of the hydrological load (D; and
D2),

Hydraulic module for assessing the performance of the drainage
network (D3),

Optimization module for performing the optimization based on the
cost-benefit assessment,

The characteristics of the urban catchment in the joint model are
defined in the user-defined/automated feed block, which is in turn fed
into the hydrological module. The estimation of model parameters for
D; is performed according to the standard procedure recommended by
the Swedish Water and Wastewater Association (SWWA, 2016),
whereas the characteristics of the mesoscale blue-green stormwater
system (D) are defined according to Haghighatafshar et al. (2019). In
addition to network setup, runoff coefficients, time-area curves, reten-
tion volumes, etc., the introduced feed also consists of the blue-green
retrofit area (Agg,) in the i subcatchment with a total area of Asc,i-
Based on the introduced feed, D; and D, generate hydrological load
schemes, denoted as Qyu; and Qpg,; (time series), respectively, in which

the contributing area to Quu ; is Asc,i — Agg,i-
In the next stage, the overall hydrologic load (total runoff, Q) — as
a cumulated time series — is calculated according to Eq. (1).

Qrr = 2, (Quu,i + Qss,)
TR ; MU BG a

This means that the discharge from the mesoscale blue-green system
is still connected to the sewer network. The cumulative total flow, Qrg,
is then introduced as the network load to the MIKE HD model (D3),
through which 1D Saint-Venant’s mass and momentum equations are
applied for the computation of flow (Q) and piezometric pressure (hy-
draulic head, H) in the pipes (DHI, 2017). The ground level - in the
context of a separate sewer network — and the basement level — in the
context of a combined sewer network — for each manhole can be used to
define a critical hydraulic head, , at which exceedance can be inter-
preted as flooding. It should also be noted that the 0D/1D nature of the
hybrid model made it appropriate for performing numerous large-scale
simulations in terms of simulation time and computational costs.

2.1. The optimization module

As shown in Fig. 1, optimization is performed with regard to flood
economics. The basic idea is that the investment in flood mitigation
measures would lead to lower flood damage costs, hence these two
parameters, i.e., investment in measures and maintenance (cost of ac-
tion, Cye) and flood damage cost (Cgo0q) can be incorporated into a scalar
cost function. However, it is necessary that these costs are quantified
according to the specific perspective of the stakeholder who performs
the optimization, e.g., insurance companies, water utility companies,
municipalities, or government. Note that additional socio-ecological
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benefits associated with blue-green stormwater systems are not in-
cluded in this study. Incorporation of monetized and quantified added
socio-ecological values would presumably have strong impacts on op-
timization results.

The annual cost of action and flood damage cost are calculated
according to Egs. (2) and (3), respectively as follows:

Cact = f(z Agg(u), cpg, I, L)

B i1+ i)* M < '
_EABG[CBG‘[(1+i)L_1]+ L'Z(l""")] @
where ) Apg ) is the total area of the retrofitted blue-green stormwater
system (ha) according to scenario u, cgg is the average cost of blue-
green stormwater retrofits per hectare (SEK/ha), L is the technical
lifespan of the constructed system (50 years, which is the local standard
assumption in infrastructure investments), M is the annual maintenance
cost, « is the average annual pay raise (~2%), and i is the average
interest rate (~3%). A similar approach for computing the annual cost
of action was also adopted by Huang et al. (2018).

Chiood = f (0o (), Ctu, i, T)=(Cfn'nfn(u))|:mj| ®
where ng, (u) is the number of flooded manholes in scenario u, cp,is the
average damage cost per flooded manhole (SEK/manhole), T is the
recurrence interval of the optimization storm (years), and i is the
average interest rate (~3%). Eq. (2) represents the uniform annual
worth of the investment in year 0 through the lifespan of the blue-green
stormwater system by using a capital recovery factor, and Eq. (3) re-
presents the uniform annual cost of a total future fund (i.e., future cost
of flood damage) during T years (assuming that the flood recurrence
follows the recurrence period of the rainfall event) using a sinking fund
factor (Blank and Tarquin, 2012). Subsequently, a scalar total cost
function can be introduced (Eq. (4)). This total cost function (Eq. (4)) is
later incorporated in the scalar multiobjective to determine a scenario
matrix (u) resulting in the minimum possible cost.

@(u) = Caet () + Cpooa(u) )

where u is the scenario matrix representing the implementation extent
of the blue-green stormwater system in different sub-catchments. For
instance, in a drainage model with k subcatchments, u can be specified
according to Eq. (5).

u = [F6,1, F8G6,20 w00 P86,k (5)

where Z; is the implementation extent, i.e., the ratio of the blue-
green retrofitted area in subcatchment i (Agg;) to the total subcatch-
ment area (Agc,;), defined according to Eq. (6).

elo,1]

Faci =
BT A (6)

3. Case study

The general methodology adopted in this study is to employ hy-
drodynamic modeling to systematically optimize the distribution of
blue-green stormwater systems in an urban catchment drained through
a combined sewer network. This case study presents an example of how
the developed methodology can be employed to enhance and under-
stand the functionality of urban drainage systems.

3.1. Study area: Malmo, Sweden

Malm is the 37 largest city in Sweden located in the southern part
of the country and is populated by over 330,000 people (Malmé stad,
2018). The drainage network in the city is mainly dominated by a
combined sewer system in densely built central areas, while in the
suburbs, mainly separate sewer networks are functional. This study
focuses specifically on the combined sewer network and its corre-
sponding catchment. The reason is that the city has been struck by
extreme rainfall events several times and has undergone a relatively
large burden of expenses due to basement flooding in the combined
sewer network catchments (Haghighatafshar et al., 2014; Sorensen and
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Mobini, 2017).

For this study, part of the combined sewer network and its corre-
sponding catchment, which is drained into the Turbinen pump station in
Malmo, was selected as shown in Fig. 2. The pump station receives
combined sewer flows from two separate catchments, namely, the West
catchment and the East catchment, drained from the south and south-
east, respectively, toward the pump station. More information about the
distribution of the combined and separate sewer networks in Malmd
can be found in Haghighatafshar et al. (2018b) and Sérensen and
Mobini (2017).

The fundamental approach in this study is to replicate the mesoscale
blue-green system in Augustenborg — as the reference mesoscale retrofit
described in Haghighatafshar et al. (2019, 2018a) - to achieve an op-
timized upscaling scenario. Augustenborg comprises two major me-
soscale blue-green stormwater systems: one each in the south (Southern
system, implemented 1999-2001), with a drainage area of roughly
9.6 ha, and north (Northern system, implemented 2002-2003), with a
drainage area of approximately 6.3 ha. In addition, a separate local
stormwater pipe system was constructed in 2003, covering a drainage
area of about 3.5ha. These three subsystems of Augustenborg are

- So.uthérn system §
[: Uritran‘fs‘hrﬂ;ed surfaces

0 : Discharge point

Fig. 3. of , includi
subsystems to the sewer network.

Local stormwater pipe system
b 5 A
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illustrated in Fig. 3. For more information about the configuration of
the mesoscale blue-green stormwater systems in Augustenborg refer to
Haghighatafshar et al. (2019, 2018a). In this study, it is assumed that
the Southern system in Augustenborg, accounting for a total drainage
area of 9.6 ha (= Aayg) can be replicated as a scaled retrofit depending
on the area of the target catchment. In other words, the configuration in
Augustenborg with regard to the drainage area, retention/detention
volumes, and infiltration capacities can be linearly upsized/downsized
to fit in the target catchment at various implementation extents (#c,;).
In this way, two major simplifications are introduced into the modeling
process. First, there is no need to design and simulate specific systems
based on local circumstances for each and every target catchment.
Second, the original shape and form of the output hydrograph from
Augustenborg (Qay) is retained intact while values are manipulated by
factor &. Upsizing and downsizing the Augustenborg system is per-
formed according to the equations below:

_ Asi
L Aug @)

B A ‘

24 SR

two blue-green stormwater retrofits and the local pipe system. The figure also shows the discharge points from the
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Table 1
The subcatchments in the optimization study, totaling 954.35 ha (see Fig. 4 for
the graphic illustration).

D District name Area (ha) 1D District name Area (ha)
1 Fridhem N 18.09 14 Djupadal NV 48.93
2 Ribersborg 18.52 15 Kroksbéick 63.97
3 Rénneholm 58.85 16 Djupadal S 91.59
4 Fagelbacken 17.20 17 Méllevangen 21.02
5 Fridhem O 18.88 18 Sodervirmn 26.61
6 Rénneholm SV 12.33 19 Sodra Sofielund  13.28
7 Dammfri 58.16 20 Grondal 61.21
8 Lorensborg 33.28 21 Kulladal 56.91
9 Vistervang 10.22 22 Heleneholm 24.35
10 Fridhem SO 8.31 23a Eriksfalt V 7.97
11a Mellanheden V 24.57 23b Eriksfélt O 21.48
11b  Mellanheden O 25.93 24 Almhég 32.30
12a  NyaBellevue V. 15.39 25 Hindby 27.38
12b  NyaBellevue O 46.11 26 Gullvik N 11.50
13 Rosenvéing 37.29 27 Gullvik S 42.72

Qrri = Qumu + Qs = Qrre,ir(1 — Fri) + Qsre,i + Quuwi + §Qaug  (8)

where Agg is the area occupied by the blue-green retrofit (ha), Agc:
target subcatchment area (ha), #ps: implementation extent in the
target catchment (0 < .#pg < 1), Asg=9.6ha = area of the existing
retrofit in Augustenborg in Malmé (the Southern retrofit), &: retrofit
scale compared to the reference, i.e., the Southern retrofit in Augus-
tenborg, Quu: runoff from the conventional catchment simulated in
MIKE Urban, Qg runoff (discharge) from the blue-green system, Qggc:
fast runoff component of the flow (stormwater), Q4,¢: discharge from the
Southern retrofit in Augustenborg, Q,,: domestic wastewater flow,
Qsre: slow runoff component of the flow (groundwater infiltration), and
Qrg: total runoff to be handled by the pipe network.
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3.2. The optimization problem

The goal of the unconstrained, bounded optimization problem was
to minimize the total cost of flooded nodes, Cgo0q, and the cost of im-
plementation of the blue-green systems based on the Augustenborg
system, C,c. The cost of flooded nodes was expressed using the average
cost per flooded node, cg,, based on a rough assessment of the available
data from the extensive flooding in Malmé in 2014. Thus, Cqooq, in the
case of a 10-year rainfall event (as employed in this study), was esti-
mated at 47,000 SEK/(yearflooded node), and C,. (including main-
tenance) was estimated to be 110,000 SEK/(yearretrofitted area)
during the 50-year lifespan of the built system. It should be noted that
these values are preliminary assessments and cannot be considered as
verified template costs in other contexts.

The cost of action was assumed to be linear with respect to the area
of the constructed blue-green systems, as described in Eqgs. (2) and (3),
and the costs were then combined according to Eq. (4). A performance
indicator (PI) was then constructed and used as the objective for the
optimization to more easily discern whether a tested solution is cheaper
than the reference case (PI < 0) or worse (PI > 0).

The 1D model area was divided into 30 different subcatchments, as
presented in Table 1 and Fig. 4. In other words, the optimization space
to be investigated was a high-dimensional space with 30 dimensions
corresponding to the 30 decision variables that the subcatchments
constitute.

The implementation extent of each catchment (g, defined in Egs.
(5) and (6)) was used as decision variables. The decision variables were
bounded by the characteristics of the catchments by setting the bounds
to [0, 1], representing catchments that are empty or full (or in between)
with regards to the blue-green systems. With the reference case of no
implemented blue-green solutions, i.e., ®gy = Cpooa(0), the full
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Fig. 4. The spatial distribution of model subcatchments in the city of Malmo, Sweden. Background picture: dimmed topographic web map, courtesy of The Swedish

Mapping, Cadastral and Land Registration Authority, ©Lantmdteriet.
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Fig. 5. Flooded nodes (filled markers, @) and unflooded nodes (unfilled markers, O) under the reference scenario, i.e., 10y-CDS; #c; = 0. Background picture:
dimmed topographic web map, courtesy of The Swedish Mapping, Cadastral and Land Registration Authority, ©Lantmdteriet.

optimization problem was expressed as:

D(u) — Dgyy

min Pl = 7( ) Ref
Dpes

wrt U= [T Facxl

st. Fggi€[0,1] fori e |[1, 2,...k]

4. Results and discussion

The optimization problem was solved using the SciPy implementa-
tion of the algorithm known as constrained optimization by linear ap-
proximation (COBYLA), which is a derivative free method (Conn et al.,
1997; Powell, 1994). The optimization was performed for a Chicago
Design Storm (CDS) (Keifer and Chu, 1957) with a recurrence interval
of 10years, denoted as 10y-CDS. The initial values for the decision
variables were the reference case, i.e., #g; = 0. In the reference case,
the water level in 779 manholes was over the average basement level
(assumed to be 1.3m below the ground level), leading to basement
flooding. The spatial distribution of the flooded manholes (model
nodes) is illustrated in Fig. 5.

After the simulation of the reference case scenario, the optimization
process under the 10y-CDS continues to locate an optimum (local
minimum for ®(u)) according to the design of the COBYLA-algorithm.
Fig. 6 is a two-dimensional illustration of approximately 100 iterations.

As shown in Fig. 6, the optimization started with the reference
scenario, and all subsequent iterations are presented in the clockwise
order. The first 30 iterations have an average PI value of approxi-
mately + 0.04 (increased costs). The optimization continues with sys-
tematic alterations in the implementation extents and moves toward an
average PI of approximately —0.01 (decreased costs) and ultimately

finds an optimal solution with a PI of almost —0.03 and 714 flooded
nodes. The results of the optimization process suggested that sub-
catchments 1 and 19 should be transformed to mesoscale blue-green
stormwater systems at 56.6% (=10ha) and 63.6% (8.5 ha), respec-
tively. Based on this optimization, the total cost of a 10y-CDS event will
be 3% lower than the cost of flooding under the reference case scenario.
This shows that there is at least one scenario through which im-
plementation of blue-green stormwater systems would lead to less
overall costs, i.e., the sum of action and flood costs, than the reference
case scenario.

Although the financial benefit is limited in the optimized scenario,
the total number of the flooded nodes is decreased by approximately
8.5%. The green nodes in Fig. 7 show the spatial distribution of 65
nodes that do not flood in the optimized scenario compared to the re-
ference. It is also interesting to note that the majority of the saved nodes
(44 nodes) lie within the boundaries of the optimally retrofitted sub-
catchments, i.e., 1 and 19, while the rest (21 nodes) are in other sub-
catchments with .G i~¢. This shows that the benefits of mesoscale blue-
green retrofits are not limited to the retrofit boundaries.

Although economic savings (~3%) are modest, it should be noted
that this value exclusively represents the monetary and financial as-
pects of the action. However, from a cost-benefit perspective, the value
of the blue-green systems is much more comprehensive and may in-
clude aesthetics, societal add-ons in terms of human well-being, ame-
nity, and promoted biodiversity. In this respect, tools for monetization
and quantification of multiple benefits of blue-green stormwater sys-
tems, such as BeST (Ashley et al., 2016, 2018), are becoming widely
available. These tools can be employed and adapted to local contexts in
order to enhance the decision-making process.

As seen in Fig. 6, there is one iteration — marked with (D) - that
despite introduced blue-green retrofits — leading to elevated costs by
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Fig. 6. Convergence map of 100 iterations (out of 325) using COBYLA. Angular axes show the total number of flooded nodes, and the radial axes show the per-
formance indicator (PI) for each iteration. (R): Reference scenario, (D): Deteriorated scenario, and (O): Optimal scenario.

approximately 8% — the number of flooded nodes has increased to 789
compared to the reference scenario (779 flooded nodes). An explana-
tion for this deteriorated behavior is that in the complex system of
catchment-sewer interactions, even detained and retained discharges
from catchments can possibly coincide with some peak discharge along
the way causing elevated hydraulic head and, hence, flooding. This
agrees with the recommendation by Haghighatafshar et al. (2018b),
who advise the implementation of blue-green stormwater retrofits in
the upstream areas of a city catchment to avoid (or decrease the risk of)
deteriorative flow coincidences. The deteriorated flood situation, de-
spite the introduction of blue-green stormwater systems, is an indica-
tion that unoptimized retrofits of blue-green systems in which the dis-
charge is connected to the same sewer network do not necessarily
improve the hydraulic performance of the network. The same phe-
nomenon could also occur when rainfalls other than the optimization
rainfall, with different hyetograph characteristics, strike. Thus, there
might be situations through which a different rainfall would lead to
different times of concentration and lag times so that the aforemen-
tioned unprecedented flow coincidences and flooding occur. A safe
retrofitting strategy would thus be the total separation of the blue-green
stormwater retrofits through which the overflow from the system does
not enter the original sewer network but is diverted into a separate
stormwater pipe network, as is the case for Augustenborg (see Fig. 4).
Further research must be performed to achieve a better understanding
of the complex behavior of sewer networks.

A sensitivity analysis was conducted according to the one-factor-at-
a-time (OFAT) method with respect to C, and Cgeea in order to

demonstrate the sensitivity of the PI to the quality of the cost estima-
tion. It should be noted that different perturbations to cg,, cgg andM
were performed as Cqooq is directly proportional to cg, and Cy is directly
proportional to cgg + M (provided cpg and M are simultaneously and
identically perturbed, all else unchanged). In effect, perturbations to
the action cost and flooding cost, as well as their simultaneous per-
turbation (i.e. ®(u)), were performed ranging from —50% to +50%.
All other parameters, such as the hydrological characteristics of the
toolchain, total retrofitted blue-green area, and number of flooded
manholes, were kept unchanged. The resulting outcomes of these per-
turbations with regard to the delivered PI are shown in Fig. 8.

As shown in Fig. 8, the PI is extremely sensitive to the estimation of
Ciooa rather than C,. For instance, it is observed that a reduced cost of
flooding by 30% would enhance the PI by a factor of 10 (from —0.03 to
—0.3), while the corresponding PI change in the case of perturbations
in C, is negligible. This is also reflected in the simultaneous pertur-
bation of the costs (both cost of action and cost of flood), as it is in
strong agreement with the sensitivity to Cgeoq Only. However, the pro-
vided results do not necessarily imply that the quality of the estimated
cost of action (implementation and maintenance of the blue-green
systems) has a trivial impact on the optimization outcome. The small
impact of C,; on the PI is mainly due to the fixed blue-green scenario
(the scenario presented in Fig. 7) under which all perturbations are
tested. As noted in Fig. 7, the retrofitted area is relatively small in
comparison to the reference case (approximately 2% of the total mod-
eled catchment area), while the proportion of the flooded manholes in
the optimized scenario compared to the reference scenario is
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Fig. 7. Optimized scenario with respect to implementation extents, flooded (filled markers, @), unflooded (unfilled markers, O), saved (green-filled markers, ®), and
lost (red-filled markers, ®) nodes. Background picture: dimmed topographic web map, courtesy of The Swedish Mapping, Cadastral and Land Registration Authority,
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Fig. 8. The sensitivity of PI to the perturbations in the cost estimations associated with the optimization study.

approximately 92%. This specific optimized setup thus underlines the
importance of estimation of Cgoq Opposed to C,e. However, it is highly
anticipated that perturbations in either of the associated costs (or both)
would result in substantial changes in the outcome of the optimization
process regarding the returned optimal .7 ;-matrix as well as the PI.
Further investigations must be carried out to study the direct sensitivity

of the optimization process to deviations and errors in the estimated
cost components.

5. Concluding remarks

A hybrid model was structured to run cosimulations of mesoscale
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blue-green stormwater systems and the pipe-bound sewerage network.
The model was subsequently facilitated with an optimization algorithm
to suggest hydroeconomically optimal solutions for citywide siting and
sizing of mesoscale blue-green stormwater systems. The developed
software package was tested on a city-scale catchment drained through
a combined sewer system. The model delivered satisfactory results
concerning promoted hydraulic performance of the sewer network (in
terms of decreased flooded nodes) and financial gains. However, lo-
cating the global optimum remains a challenge due to the extremely
high dimensionality of the optimization space. Given these circum-
stances, the model performance was shown to fulfill the general aim of
the study. Further research is required to improve the optimization
process and move the solution toward a global optimum. This can be
done by employment of different gradient-free optimization techniques,
such as evolutionary or simulated annealing algorithms, or by em-
ploying algorithms that make use of formulated analytical Jacobians.
There is also the possibility to implement decision variable selection
techniques to decrease the dimensionality of the decision space.

Moreover, there are indications that the performance of the opti-
mized scenario might be specifically valid for the exact rainfall hyeto-
graph for which the model is optimized. This also remains a serious
challenge considering the stochastic nature of rainfalls and the com-
plexity of sewer networks. It is also implied that random sizing and
siting of blue-green retrofits without investigating the hydraulic con-
sequences on the existing sewer network could lead to deterioration in
the performance of the sewer network in terms of the number of flooded
nodes.
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