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ABSTRACT

Future climate change is expected to increase the frequency and intensity of extreme events such as
heat and heavy rain. Cities are especially vulnerable to those climatic impacts due to their structural
characteristics — the density of the urban environment, surface sealing and lack of greening —, population
density, and their important role in the economy. Consequently, climate adaptation is a focus of urban
planning and, especially, ecosystem-based approaches are gaining increasing attention. These
approaches use ecosystem services, provided by urban green infrastructure elements, to support
society’s adaptation to climate change. However, the role of ecosystem-based adaptation and related
measures in municipal adaptation activities remains unclear. Moreover, there is little comparative
information available to support planners in the selection of effective ecosystem-based adaptation

measures.

Against this background, this dissertation aims to increase the understanding of the current state of
integration of ecosystem-based adaptation in Germany, and provide evidence-based knowledge of the
potential of different types of green infrastructure to regulate climatic extreme events. This information
can be used to support the implementation of ecosystem-based adaptation measures for the development

of climate-resilient cities.

First, this thesis provides insights into the integration of ecosystem-based approaches and measures in
current municipal adaptation strategies in Germany. It concludes that while the term itself is not referred
to directly, references to the underlying components (i.e. ecosystem services, biodiversity and green
infrastructure) can be identified. Greening measures of various types are included in many of the
assessed adaptation strategies, which also acknowledge their multiple benefits for urban planning. At
the same time, the results confirm that more studies are needed to provide evidence of these multiple

benefits.

Second, a scenario modelling approach is developed to quantify the potential of ecosystem-based
adaptation measures to regulate extreme climatic events. A set of scenarios based on various types and
quantities of green infrastructure are developed, to provide comparable information on their potential
to regulate heat and heavy rain events. A dense urban area in Munich, Germany is taken as a case study.
The models show that under future climate conditions heat stress reaches extreme levels, and nearly all
rainfall is discharged as surface runoff. It is shown that mitigating these effects is a function of the type
of green infrastructure, and the quantity of its implementation. For heat mitigation, the quality of
vegetation has the largest effect. Trees prove to be the most effective measure, as they provide both
shading and evapotranspiration. With respect to runoff mitigation, increasing the quantity of green
spaces, and consequently water storage capacities, is most influential. More specifically, trees can

intercept, evapotranspire and infiltrate rain water, while green roof substrates increase retention

Vii



capacities. While all types of urban green infrastructure contribute to climate change adaptation, their
role differs as a function of their ability to provide one of two functions: shading of open spaces and

building surfaces (for heat mitigation), and infiltration capacities (for runoff mitigation).

These results have practical implications for urban planners who are seeking to enhance the integration
of ecosystem-based adaptation into their work, and who must select the best ecosystem-based
adaptation measures to reduce both heat stress and the volume of surface runoff. Hence, the results
provide decision-makers with a sound base of evidence that they can draw upon when arguing for
effective climate change adaptation using ecosystem-based approaches.
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KURZFASSUNG

Durch den Klimawandel hdufen und intensivieren sich aller Voraussicht nach extreme Hitze- und
Starkregenereignisse. Von diesen Klimawandelauswirkungen sind Stadte besonders betroffen aufgrund
ihrer strukturellen Charakteristika: dichte Bebauungsstruktur, ausgedehnte Oberflachenversiegelung,
geringer Grunanteil und hohe Bevolkerungsdichte. Klimaanpassung ist daher ein wichtiges Thema in
der Stadtplanung und ins Zentrum des Interesses riicken dabei in zunehmendem Malie dkosystem-
basierte Ansitze. Diese nutzen Okosystemleistungen, welche von urbanen grinen Infrastrukturen
bereitgestellt werden, um die Anpassung an klimatische Verénderungen zu unterstutzen. Unklar ist
noch, welche Rolle das Konzept der 0Okosystem-basierten Klimaanpassung und die daraus
resultierenden MalRnahmen derzeit in stadtischen Klimaanpassungsaktivitéten spielen. Weiterhin sind
wenig vergleichbare Informationen verfligbar, die Planer bei der Auswahl effektiver 6kosystem-

basierter Klimaanpassungsmafnahmen unterstiitzen.

Vor diesem Hintergrund ist es das Ziel der vorliegenden Dissertation, das Verstandnis fur die derzeitige
Integration der Okosystem-basierten Klimaanpassung in Deutschland zu wecken sowie evidenz-
basiertes Wissen (ber das Regulationspotential verschiedener griner Infrastruktur-Typen zu
generieren. Damit kann die Umsetzung 6kosystem-basierter Anpassungsmafinahmen zur Entwicklung

klimaresilienter Stadte unterstiitzt werden.

Zunéchst vermittelt diese Thesis Einblick in die Integration von 6kosystem-basierten Ansatzen und
MaRnahmen in stadtische Klimaanpassungsstrategien in Deutschland. Aus dieser Untersuchung ergibt
sich, dass, obwohl dieser Terminus nicht explizit verwendet wird, Referenzen zu verwandten
Konzepten (wie Okosytemleistungen, Biodiversitit und griine Infrastruktur) identifiziert werden
konnten. Begriinungsmalinahmen verschiedenen Typs waren in vielen der untersuchten
Anpassungsstrategien berlicksichtigt, besonders in Zusammenhang mit ihren multiplen Nutzen fiir die
Stadtplanung. Allerdings lassen die Ergebnisse deutlich werden, dass weitere Studien nétig sind, um

diese Nutzen umfassend aufzuzeigen.

In einem zweiten Schritt wird daraufhin ein Ansatz zur Szenarienmodellierung entwickelt, um die
Leistungen 0Okosystem-basierter KlimaanpassungsmaBnahmen zur Regulation von klimatischen
Extremereignissen zu quantifizieren. Durch das Testen von Szenarien zu verschiedenen griinen
Infrastruktur-Typen und deren Quantitdt werden vergleichbare Informationen zu ihrem
Regulationspotential von Hitze- und Starkregenereignissen bereitgestellt. Unter zukinftigen
Klimabedingungen zeigt sich, dass der Hitzestress im Aufenraum eines dicht bebauten
Innenstadtviertels in Minchen extreme Belastungsstufen erreicht und fast der gesamte Niederschlag
oberflachlich abfliet. Der Beitrag der Szenarien zur Verminderung dieser Effekte hangt vom Typ der

grinen Infrastruktur und der Quantitat ihrer Umsetzung ab. Fir die Hitzeregulierung hat die Qualitat



der Vegetation den groRten Einfluss. Dabei sind Baume durch die gleichzeitige Bereitstellung von
Verschattung und Evapotranspiration die effektivste MaRnahme. Fur die Abflussregulation sind das
Erhdhen der Quantitat des Griins und die damit einhergehende Erhéhung der Wasserspeicherkapazitat
am einflussreichsten. Baume ermdglichen hier Interzeption, Evapotranspiration und Infiltration von
Regenwasser, wahrend Griindacher die Retentionskapazitaten in ihren Substraten erhdhen. Folglich
sind alle untersuchten Typen gruner Infrastruktur komplementér fir das Erreichen von Klimaanpassung
an extreme Hitze- und Starkregenereignisse, auch wenn ihr Beitrag dazu in Abh&ngigkeit von der
Bereitstellung zweier verschiedener Funktionen variiert, zum einen der Verschattung von Freiflachen

sowie Gebaudeoberfldchen zur Hitzeregulation, zum anderen der Infiltration zur Abflussregulation.

Fir die Stadtplanung haben die vorgestellten Ergebnisse praktische Auswirkungen, um die Integration
von Okosystem-basierter Klimaanpassung in die Planung auszuweiten und die strategische Auswahl
und Platzierung von Malinahmen zu unterstiitzen, so dass Hitzestress und Abflussvolumen reduziert
werden. Entscheidungstrager erhalten also eine Argumentationsgrundlage, um sich fur eine effektive

Klimaanpassung mithilfe 6kosystem-basierter Ansdtze einzusetzen.
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INTRODUCTION

1. INTRODUCTION

1.1 Background and problem definition

Climate change is expected to increase climatic variability and extremes such as heat waves and heavy
rain (IPCC, 2014). Recent weather records confirm a worldwide trend: the years 2014, 2015 and 2016
successively broke the record for the highest annual mean temperature globally, with an air temperature
1.1 °C higher than pre-industrial levels in 2016 (WMO, 2017). The situation in Germany followed this
worldwide trend: warmer conditions were accompanied by severe heat waves with a maximum
temperature of 37.8 °C in summer, and exceptionally low annual precipitation. When it did rain, it was
exceptionally intense, with maximum daily volumes of up to 150.7 I/m? (DWD, 2016a). The German
Weather Service (DWD) defines days with maximum air temperature exceeding 30 °C as heat days,
while heavy rain is defined as precipitation that exceeds 10 mm/hour (DWD, 2015, 2016b). Over the
course of the past century, almost all weather stations in Germany have registered an increasing number
of heat waves in July and August, and extremely hot summers (notably 2003) are increasingly frequent.
Similarly, heavy rain events have become more frequent and more intense over the past 50 years
(Zebisch et al., 2005).

Vulnerability to climate change is commonly defined as a function of exposure, sensitivity and adaptive
capacity (Solomon et al., 2007). It varies as a function of the spatial setting, population group and
infrastructure type and the ecological, social and technical systems of cities are generally thought to be
particularly exposed (Revi et al., 2014; Wamsler, 2014). The reasons for this situation include high
population density, the number of built structures, the extent of sealed surfaces, and the lack of green
space compared to rural areas (EEA, 2012; Kuttler, 2010; Wamsler et al., 2013).

On the one hand, built structures and human activities create an urban climate that shows specific
characteristics compared to the regional climate (Oke, 1980). It is especially represented by higher air
and surface temperatures, reduced wind speeds and a lack of air exchange and evapotranspiration due
to altered energy exchanges (Kuttler, 2010; Oke, 1980). The thermal load found in cities is described
as the urban heat island (UHI) effect. Artificial surfaces absorb incoming solar radiation and heat up
more than natural surfaces due to higher albedo and thermal storage capacities (Oke, 1982). Built
structures reduce wind speed and air exchange, and contribute to the problem of warmer air within the
city boundaries (Oke, 2011). The UHI effect is both seasonal and diurnal (Scherer & Endlicher, 2013).
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Artificial surfaces store heat during the day, and release it during the evening and night, which
counterbalances nocturnal cooling. In Berlin, for example, the recorded difference has reached a
maximum of 11 K (and an average of 4-5 K). The UHI effect is more intense in summer (Fenner et al.,
2014; Oke, 2011).

For the urban inhabitants the UHI effect increases the risk of heat stress, a condition where the body is
unable to release sufficient energy to prevent its temperature rising (Kovats & Hajat, 2008). The
consequences can be severe. For example, the summer of 2003 is estimated to have led to over 70,000
deaths in Europe (Robine et al., 2008). It can also reduce productivity (Daanen et al., 2013) and increase
demand for energy in order to cool the indoor climate (Akbari et al., 2001).

On the other hand, changes to surface cover disrupt the hydrological cycle, and reduce the capacity to
intercept, evapotranspire, store and infiltrate rainwater (Bridgman et al., 1995; Douglas, 1983). High
rainfall is transformed into surface runoff, and the urban hydrological system discharges water outside
the city boundaries (Endreny, 2006). Other characteristics of the urban water balance are base flow
losses, reduced groundwater recharge and higher concentrations of water-borne pollutants (Endreny,
2006; Fletcher et al., 2013; Miller et al., 2014; Oke, 1987). During a heavy rain event, the volume of
runoff, especially peak runoff, increases (Loftus et al., 2011), as does the risk of overloading the sewage
system. Sewage overflow can have severe impacts with negative consequences for health and
infrastructure, especially when combined with the supply system (Endreny, 2006; Loftus et al., 2011).
For example, in 2011, the Danish capital of Copenhagen experienced a severe cloudburst — over 150
mm of precipitation fell within three hours. Many of the city’s streets and cellars were flooded. Citizens
were put at risk, infrastructure was disrupted and high insurance claims followed (City of Copenhagen,
2011; Kruse, 2016).

In addition, climate change contributes to the degradation of the climatic and hydrological situation in
cities (Coumou & Robinson, 2013). For example, in the German city of Munich, the regional climate
model REMO indicates that the frequency and magnitude of both heat days and heavy rain events will
increase (Jacob, 2009). Figure 1 illustrates the projected increase in heat days (left) and heavy rain
events (right) under different Intergovernmental Panel on Climate Change (IPCC) emission scenarios,
compared to the reference period of 1970 to 2000 (Nakicenovic et al., 2000). C20 represents the
reference period, B1 an integrated and ecologically-friendly future world, A1B a balanced use of all
energy sources, and A2 represents a growing population and economy (Nakicenovic et al., 2000). For
the period 1970-2000, temperatures reach a maximum (T max) of 37.6 °C, compared to 43.2 °C for the
period 2060-2090 in scenario A1B. In the Munich region, the current average magnitude of a heavy
rain event in the reference period is 14.6 mm/hour, with a return period of 0.5 years. In the climate
change scenario A2, this is expected to increase to 17.8 mm/hour, with a return period of one year, for
the period 2060-2090 (KOSTRA-DWD, 2000).
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Figure 1: Projected increase in the number of heat days (left, Tmax > 30 °C) and heavy rain events (right,
precipitation > 10 mm/h) for IPCC Special Report on Emissions Scenarios (SRES) until 2090, compared to the reference
period (C20, 1970-2000) for Munich, based on the REMO model.

Climate change impacts express themselves differently within a city, which makes a small-scale
assessment beyond the cities’ boundaries indispensable. Heterogeneous structures interact distinctively
with the urban atmosphere. They can be classified into urban areas of similar size (e.g. a street block)
that share the same morphological characteristics (Gill et al., 2008; Roth, 1980). These urban
morphology types have also been called urban structural types, or urban fabric types (e.g. Pauleit &
Breuste, 2011; Pauleit & Duhme, 2000; Stiles et al., 2014b). The typology is used to assess intra-urban
variance due to the roughness of elements, building materials, surface sealing and evapotranspiration
rates, which determine environmental performance and exposure to climate change impacts (Mathey et
al., 2011; Pauleit & Duhme, 2000; Stewart & Oke, 2012). Scherer et al. (1999) showed how the concept
of climatopes, representing areas with similar combinations of climatic factors could be used by urban
planners to differentiate the effects of urban morphology on the urban climate. Stewart and Oke (2012)
used the idea of climatopes to develop the concept of local climate zones (LCZ) to refer to areas that
have a uniform surface cover, structure, materials, human activity and characterise a temperature
regime. Their standardised approach to site selection and description is increasingly adopted in urban
climate studies (Stewart et al., 2014). Similarly, several studies have assessed differences in the
hydrological behaviour of urban morphologies (e.g. Gill et al., 2007; Pauleit & Duhme, 2000; Sjéman
& Gill, 2014).

Cities need to adapt to climate change, and effective adaptation strategies are indispensable to achieve
this (EEA, 2012; Perks, 2011; Revi et al., 2014). Climate change adaptation refers to adjustments that
are made in response to actual or expected climate effects that aim to reduce the vulnerability of an
ecological, social, economic or technical system, either by reducing exposure or sensitivity, or by
increasing adaptive capacity (Noble et al., 2014). It enhances a system’s resilience in the face of current
or future impacts of climate change. Resilience describes the ability of urban systems to rebound, resist

and recover from climate change impacts (IPCC, 2012). Adapting a system is an active process that
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includes the planning and implementation of measures to prevent, moderate, cope with and take
advantage of climatic stimuli and their effects (Adger et al., 2005). Measures are included in municipal
adaptation strategies that cities are gradually developing. The development passes through different
phases and several guidelines describe this process (e.g. Hallegatte et al., 2011; ICLEI, 2010; Lehmann
et al., 2015; Prutsch et al., 2014; Wamsler, 2017). For instance, ICLEI (2010) distinguishes five

milestones:

1) Initiation of the process, including the identification of the problem and stakeholders;
2) Research on the problem, including risk and vulnerability assessments;

3) Plan of action, including strategy development and selection of measures;

4) Implementation of measures, including the evaluation of site conditions;

5) Monitoring of effectivity, including revisions of adaptation strategies.

It is important, in all phases, to sustainably mainstream adaptation activities into urban planning
practices. Mainstreaming refers to the integration of considerations into all affected sectors, and is
designed to holistically reduce climate change impacts and include all relevant stakeholders in the
process (Wamsler, 2017; Wamsler & Pauleit, 2016).

Climate adaptation takes various forms of applied actions (Noble et al., 2014). Hard approaches (grey
infrastructure) refer to engineering measures designed to withstand climatic variability and extremes
(e.g. levees, technical shading, irrigation systems), while soft measures encourage adaptive behaviour
by, for example, providing information and incentives (EEA, 2012; Noble et al., 2014). Green
approaches increase urban resilience, as ecosystem services are provided by green and blue urban spaces
(EC, 2009; Noble et al., 2014). Benedict and McMahon (2002) define this urban green infrastructure
(UGI) as “an interconnected network of green space that conserves natural ecosystem values and
functions and provides associated benefits to human populations”, which embraces the ecosystem
services approach (Daily, 1997; Doswald & Estrella, 2015; Hansen & Pauleit, 2014; MA, 2005). UGI
can constitute of various types at different scales. For instance, parks are found at city scale, while trees

are found at local scale (Gaffin et al., 2012).

Academia has adopted the term ecosystem-based adaptation (EbA) to refer to ecosystem services and
biodiversity that help society to adapt to climate change impacts (CBD, 2009). Several authors have
claimed that it provides a more flexible, cost-effective, participatory and broadly-applicable approach
to climate change adaptation than conventional approaches (Chong, 2014; Girot et al., 2012; Jones et
al., 2012; Revi et al., 2014; Vignola et al., 2009). In the context of urban climate change adaptation, it
can provide services that regulate the urban climate and hydrology, for example by cooling the
environment through shading and evapotranspiration, and reducing runoff rates (e.g. Akbari et al., 2001;
Armson et al., 2013; Lafortezza et al., 2009; Rahman et al., 2011; Vanuytrecht et al., 2014). Moreover,

the adoption of EbA has many potential co-benefits for urban planning (Doswald et al., 2014; Jones et
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al., 2012; Noble et al., 2014; Ojea, 2015; Wamsler et al., 2014). For instance, vegetation can sequester
carbon and contribute to climate change mitigation; it can also filter noise and pollutants to enhance air
quality, provide recreation opportunities by offering aesthetic values, improve quality of life, and
increase biodiversity (e.g. Bolund & Hunhammar, 1999; Davies et al., 2011; Strohbach & Haase, 2012;
Strohbach et al., 2013). Because of its multifunctionality EbA is gaining attention as a so-called ‘no-
regret’ option, reflecting the uncertainties inherent in climate projections and the difficulty of effectively

tailoring adaptation measures (Fussel, 2007; Hallegatte, 2009; Naumann et al., 2014).

Recent reviews of research into the potential contribution of EbA to effective climate change adaptation
have concluded that a lack of knowledge of governance structures and the effectiveness of current
applications have hindered its practical implementation (Brink et al., 2016; Doswald et al., 2014;
Munroe et al., 2012; Naumann et al., 2011; Ojea, 2015). Both research and the integration of EbA into
local adaptation planning, particularly urban planning, is still in its infancy (Brink et al., 2016), although
there is increased political support and recognition as adaptation option (Wamsler, 2015; Wamsler et
al., 2016). For that reason, Geneletti and Zardo (2016) carried out an initial, qualitative analysis of the
impact of EbA measures on adaptation planning in pioneering European cities. At the same time,
pathways for mainstreaming EbA in municipal governance, and at project level, have been investigated
in case studies in South Africa, Sweden and Germany (Pasquini & Cowling, 2014; Wamsler, 2015;
Wamsler et al., 2014; Wamsler et al., 2016; Wamsler & Pauleit, 2016). However, there is still a lack of
systematic and quantitative analyses of how EbA and derived measures are integrated into municipal
adaptation strategies in a single country (compare Geneletti & Zardo, 2016). The role of the EbA
concept and related adaptation measures in municipal adaptation activities remains unclear (Wamsler
etal., 2014).

At the same time, there is an increasing demand for knowledge and information about the climate
adaptation benefits of EbA, notably whether EbA measures are actually effective when implemented.
So far, most benefits have been shown by empirical and modelling studies that focus on single types of
measures provided by UGI. For instance, many studies of heat stress have highlighted the importance
of urban trees in providing shade and evapotranspiration. Hall et al. (2012) and Skelhorn et al. (2014)
found a reduction in maximum air and surface temperatures from planting additional trees, while Moser
et al. (2015) and Fahmy et al. (2010) found a relation between the magnitude of climatic benefits and
tree dimension and leaf area. Other studies have shown that green facades can lower mean radiant
temperatures (Janicke et al., 2014) and that green roofs contribute to improving thermal comfort,
although the effects are smaller than of street-level vegetation (Lobaccaro & Acero, 2015; Ng et al.,
2012; Perini & Magliocco, 2014). In the context of regulating surface runoff, studies have found that
the single types of UGI have positive effects (e.g. Armson et al., 2013; Czemiel Berndtsson, 2010;
Gregoire & Clausen, 2011; Nagase & Dunnett, 2012; Schroll et al., 2011; Vanuytrecht et al., 2014;

Wang et al., 2008). The potential of trees to reduce surface runoff through interception and infiltration
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was for instance assessed by Armson et al. (2013) who compared plots covered by asphalt with those
planted with trees, while Wang et al. (2008) looked at complete catchments. The review carried out by
Czemiel Berndtsson (2010) assessed the performance of green roofs and identified various influential
factors, including the type of green roof and the selection of vegetation. Gregoire and Clausen (2011)
found that extensive green roofs retained 50 % of rainfall, and Nagase and Dunnett (2012) found that
grass is more effective than other vegetation. The performance of a single UGI type has only rarely
been assessed under projected climate conditions (Hiemstra et al., 2017)

There is therefore little comparative information available to support planners in the selection of
appropriate adaptation measures. Decision-makers need to identify the type and quantity of EbA
measure that is most effective in moderating extreme events, while at the same time considering spatial
and administrative constraints and balancing other sustainable urban planning priorities (Bowler et al.,
2010). Planners often lack information on the performance of different types of UGI, while the
regulating functions of EbA measures are not taken into account in urban planning (Ahiablame et al.,
2012; Gill et al., 2007; Lee et al., 2012; Matthews et al., 2015). Norton et al. (2015) were the first to
attempt to advise urban planners on how to prioritise greening interventions for a particular location.
They argued that heat-stressed open spaces need to be planted with UGI types that maximally reduce
solar exposure. However, their study did not assess the effectiveness of different interventions, or the
regulating effects on surface runoff, or changes in climatic conditions. Hence, it remains unclear what
type of UGI is best able to counteract the climate change impacts of both heat and heavy rain events,

under current and future climate conditions, and to what extent.

1.2 Objectives of the thesis

The overall aim of this thesis is to increase knowledge on the effectiveness of different EbA measures,
in order to support decision-making in the context of urban climate adaptation planning. It focuses on
Germany, which is a leader in climate change governance (Wamsler, 2017). A comprehensive, tailored
knowledge base that can be used by municipal administrations must begin with an understanding of the
current state of knowledge and application of EbA in urban planning, and what information is lacking.
Therefore, it is indispensable to assess the current status of EbA and its integration into the municipal
adaptation strategies of selected German cities (Paper 1). This initial assessment confirmed the
hypothesis that there is a lack of evidence of the adaptation potential of different types of UGI that could

guide urban adaptation planning (Paper 2 and 3). Hence, the specific objectives of this thesis are:

- Objective 1:
Assess the uptake of the EbA concept and EbA measures in the municipal adaptation strategies
of selected German cities. The aim is to identify knowledge gaps in urban planning, and ways

to improve the integration of EbA into strategic adaptation planning.
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- Objective 2:
Quantify the potential of different types of UGI for heat mitigation and, consequently, increased
outdoor thermal comfort given current and future climate conditions.

- Objective 3:
Quantify the potential of different types of UGI for runoff mitigation and, consequently,
reduced discharge volumes given current and future climate conditions.

- Objective 4:
Evaluate the potential of EbA to generate synergies for heat and runoff mitigation by comparing

regulating effects and specific functions.

Finally, in order to translate the scientific results of this thesis into recommendations that can be used
in decision-making and to prioritise the use of different types of UGI to mitigate climate change by

EbA, the practical implications for urban planning are discussed.

Obijectives 1, 2 and 3 relate directly to the research questions posed in Papers 1, 2 and 3 reprinted in the
Appendix, while Objective 4 is only addressed in the present thesis. The objectives of Papers 1, 2 and

3 are given below:

- Paper 1: How, and where, is the EbA concept integrated into municipal adaptation strategies?
What types of EbA measures are considered? Why are these specific measures considered?
What are their expected benefits?

- Paper 2: How does climate change affect the urban microclimate and pedestrians’ thermal
comfort? To what extent can the type and quantity of UGI improve pedestrian thermal comfort
under current and future climate conditions?

- Paper 3: How does the intensity of summer rain events influence urban surface runoff? To what
extent can the type and quantity of UGI regulate urban surface runoff after heavy rain events

of varying intensities?

1.3 Structure of the thesis

To improve the decision-making for EbA in urban adaptation planning, Paper 1 develops an analytical
framework to assess the current level of integration of the EbA concept, and EbA measures, into the
adaptation strategies of large German cities. The findings support the hypothesis that integration could
be more extensive, as they provide evidence of the effectiveness of EbA measures in the German
context. Based on these results, Papers 2 and 3 examine the potential of different types of UGI that can
be implemented as EbA measures to provide regulating ecosystem services, and to help in adapting to
the impacts of either extreme heat (Paper 2) or heavy rain events (Paper 3). These Papers support the
argument that EbA measures can contribute to improved adaptation. A set of greening scenarios is

developed that distinguish different types and quantities of UGI. The results of Papers 2 and 3 are then
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discussed in terms of the synergies and multifunctional benefits of EbA for climate adaptation. Finally,
practical implications for the implementation of EbA in urban planning are derived. Figure 2 illustrates
the approach.

Overall objective of the thesis:
Improving decision-making for urban green infrastructure measures in urban

adaptation planning

Section 4.1/ Paper 1
Obijective 1: Assessing the current level of integration of EbA in urban adaptation strategies
Methods: Document analysis

Potentials of EbA to regulate climatic extreme
events like heat and heavy rain

Section 4.2/ Paper 2 Section 4.3/ Paper 3
Obijective 2: Evaluating the potential of EbA Objective 3: Evaluating the potential of EbA
measures for heat regulation measures for heavy rain regulation
Methods: Microclimatic scenario modelling Methods: Hydrological scenario modelling
I - |
Section 4.4

Objective 4: Assessing the synergies of heat and runoff mitigation via EbA, hence the multiple effects
of EbA for climate change adaptation
Methods: Joint analysis and comparison of results

v

Section 5.5
Discussing practical implications for urban planning by transfering and translating scientific results for
applied urban planning

Figure 2: Structure and overview of the thesis and the related publications

The thesis is structured into the following, overall, sections: Section 2 reviews relevant concepts on
climate adaptation in cities, and formulates the analytical framework that provides the background for
this research. Section 3 presents the approaches and methods, and the results are summarized in Section
4. Section 5 discusses the results and the urban planning guidelines that are derived. Finally, Section 6

draws some conclusions regarding the adaptation potential of ecosystem-based approaches.
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2. KEY CONCEPTS AND ANALYTICAL FRAMEWORK

This section begins with a presentation of the background needed to understand the concepts of
adaptation to climatic extreme events in cities. It is followed by a presentation of the specific concepts
found in the academic and political discourse related to climate adaptation by urban greening, i.e. with
the help of urban ecosystems. The most relevant concepts, namely: ecosystem-based adaptation (EbA),
ecosystem services (ES), urban green infrastructure (UGI), and nature-based solutions (NBS) are

introduced, and finally an integrated analytical framework that draws upon these concepts is formulated.

2.1 Urban adaptation to climate change

Climate change adaptation is defined as “the process of adjustment to actual or expected climate and its
effects” (Noble et al., 2014). It aims to reduce the vulnerability of a system to climate change impacts
(Noble et al., 2014; Wamsler, 2014). To achieve this, either the exposure of the system to climate
impacts, or its sensitivity, or its adaptive capacity need to be addressed (Solomon et al., 2007). As cities
are composed of different systems that each have specific vulnerabilities to climate change, adaptation
activities need to be tailored to the system and the expected climate change impact (Revi et al., 2014).
The following sections thus introduce the characteristics of two urban systems — population and

drainage — and show how they can adapt to two climate change impacts — extreme heat and heavy rain.

2.1.1 Adapting to heat

During heat events urban inhabitants suffer from heat stress, which can have severe consequences
(Kovats & Hajat, 2008). The most dramatic impact is an increase in the mortality rate (Gabriel &
Endlicher, 2011). Several studies have shown a relation between heat events and the number of
fatalities. For example, Scherer et al. (2013) suggest that 5 % of all deaths between 2001 and 2010 in
Berlin can be related to increased air temperature, and Robine et al. (2008) estimate that the extremely
hot summer of 2003 caused 70,000 heat-related deaths in southern and western Europe. To stay healthy,
the human body needs to maintain an internal temperature of 37 °C, and it achieves this by sweating,
increasing cardiac output and directing blood flow to the skin (Kovats & Hajat, 2008). If this is not
possible, the body reacts with cramps, exhaustion, heat stroke and, in the worst case, death (Buchin et
al., 2016).
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The highest thermal load in urban areas occurs on summerly heat days (maximum air temperature
Ta> 30 °C) with high solar radiation and little wind. Heat stress reaches its maximum in the afternoon,
when direct solar radiation hits the surfaces and the air is already heated up (Matzarakis et al., 2010;
Parlow, 2003). Thus, this is the first priority to address. Humans also experience heat stress at night,
when the UHI effect reduces nocturnal cooling and T, remains high (Fenner et al., 2014; Santamouris,
2014). If T, does not fall below 20 °C during the night, it is termed ‘tropical’ (DWD, 2015), and
residents find it difficult to recover from the day (Harlan et al., 2006).

Vulnerability to heat is a function of personal sensitivity, which differs among social groups, and
exposure, which differs from site to site. Age is a decisive factor for being negatively affected by heat.
People aged over 65 have a limited capability to respond to high temperatures, and a higher probability of
having pre-existing cardiovascular and pulmonary illnesses. Infants under three years old are also very
sensitive, as their physiological capabilities are not yet fully developed (Loughnan et al., 2013). Finally, the
extent to which an urban area overheats is a function of its spatial characteristics, and heat hotspots can be
scattered around the city (Fenner et al., 2014; Harlan et al., 2006).

The above highlights that the urban population can be adapted to heat events either by reducing its sensitivity
to heat or by reducing its exposure. Reducing sensitivity draws upon ‘soft’ adaptation measures, for example,
improving the health of the population, or running campaigns to raise awareness of the need to drink
sufficiently during heat events (EEA, 2012). Reducing exposure draws upon adaptation measures designed
to improve the meteorological context, and hence reduce the likelihood that heat hotspots will develop
(Bradford et al., 2015; EEA, 2012). This thesis focuses on the second strategy and, in particular, how it can

be achieved by using ecosystem-based approaches with urban greening.

A first step is to be able to assess exposure to heat stress. For this, different methodological approaches
can be applied. Some studies have analysed a single parameter, such as T, surface temperature, or mean
radiant temperature (Tmq), either by taking punctual measurements, or using remote-sensing or
modelling-based approaches, which are spatially explicit (e.g. Alavipanah et al., 2015; Chen et al.,
2014; Lindberg & Grimmond, 2011b; Loughnan et al., 2013). However, in reality, heat stress is
determined by multiple parameters, the most important being Ta, T, Wind patterns and humidity (from
the meteorological perspective), and metabolic rate, activity, age and clothing (from the physiological
perspective) (HOoppe, 1999; VDI, 2008). Hence, various indices have been developed to describe
outdoor and indoor thermal comfort that take into account the diverse factors that influence the human
body (Jendritzky et al., 2012). The most popular outdoor indices are Predicted Mean Vote (PMV),
Physiological Equivalent Temperature (PET), Universal Thermal Climate Index (UTCI) and Outdoor
Standard Effective Temperature (OUTSET). All are based on the calculation of the human energy
balance, but vary in terms of the field of application, the thermo-physiological heat balance model, and
unit of measurement (Mukherjee & Mahanta, 2014). The PET and UTCI are measured in °C, which is
thought to be more easily understood by practitioners (Matzarakis et al., 1999). The PET, in particular,

10



KEY CONCEPTS AND ANALYTICAL FRAMEWORK

is described as the temperature experienced by a person outdoors, and is recommended in German
guidelines for urban and regional planners (VDI, 2008). Therefore, it is used as the measure of heat

stress in this thesis.

The PET index categorizes heat stress into classes of physiological stress. Humans experience thermal
comfort at 18-23 °C PET. All values below this benchmark represent a form of cold stress, while values
above 23 °C PET are experienced as heat stress. Heat stress increases as PET values rise — up to extreme
heat stress levels at temperatures above 41 °C PET (Hoppe, 1999; Matzarakis et al., 1999). The table
below shows the classes of thermal comfort expressed by the PET.

Table 1: Classes of thermal stress of the thermal comfort index Physiological Equivalent Temperature (PET) (own
representation after Matzarakis et al. (1999))

PET in°C Thermal perception Grade of physiological stress
Below 4 Very cold Extreme cold stress

4-8 Cold Strong cold stress

8-13 Cool Moderate cold stress

13-18 Slightly cool Slight cold stress

18-23 Comfortable No thermal stress

23-29 Slightly warm Slight heat stress

29-35 Warm Moderate heat stress

35-41 Hot Strong heat stress

Above 41 Very hot Extreme heat stress

2.1.2 Adapting to heavy rain

When a heavy rain event occurs over an urban area, the water infrastructure, part of the technical system
of a city, must handle the stormwater volume. In a city, where built-up or sealed surfaces reduce natural
drainage, humans have developed technical systems to take over this role, and drain rainwater directly.
This is the conventional rainwater management system that most western cities rely on, and which has
been optimised over the past century (Libbe et al., 2017; Loftus et al., 2011). Typically, drainage inlets,
set into street canyons, catch surface water and funnel it into an underground sewage network, where it
is finally processed outside the city boundaries (Endreny, 2008). The water balance in these systems
differs considerably from the natural water balance, as the direct drainage of rainwater means that less
water is available for evapotranspiration and infiltration processes (Endreny, 2008; Pataki et al., 2011).
Figure 3 illustrates these effects, in particular, increased runoff, and decreased evapotranspiration and

infiltration.
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Figure 3: Difference between water balance processes in natural and urban areas (EPA, 2004)

Although conventional rainwater management has reduced the vulnerability of cities to flooding in
general, at the same time, it has increased vulnerability to extreme precipitation events. Municipal
sewage systems are designed to handle an exact amount of rainwater that occurs within a statistically-
predicted return period (Willems et al., 2012). In Germany, the regulations DIN EN 752-2008 and
DWA-A 118 state that drainage systems need to be capable of handling a heavy rain event that occurs
with a one-year return period (for rural areas), and a two-year return period (for urban areas). These
volumes are critical, as they represent the design limits of sewage systems. If the magnitude and
frequency of extreme rain events increases (for example, due to climate change) these design criteria
and, thus, sewage capacity can be exceeded (Willems et al., 2012). Similarly, the risk of urban flooding
increases as surface water rapidly accumulates and travels down roads and other flow paths (EEA,
2012).

The collapse of the drainage system after a heavy rain event can have severe consequences for property,
infrastructure, economic activities and human health (Reacher et al., 2004). Stormwater runoff can
damage infrastructure, notably houses and the transport system, by entering basements and underground
systems, creating severe disruption to everyday life. Flooding can also cause electricity blackouts,
leading to economic losses because of production blackouts (EEA, 2012). The urban water system is
often constructed as combined system, where stormwater and sewage systems are integrated. If these
systems overflow, stormwater can be polluted by sewage, leading to contamination and a risk to public
health (Loftus et al., 2011).

Effective adaptation to heavy rain events is important to ensure the correct functioning of the urban
stormwater system. Here again, there are various ways to achieve this. On the one hand, the lack of
capacity to manage future rain events can be addressed (Willems et al., 2012) — for example stormwater
capacity can be increased by making technical adjustments. On the other hand, the overall water
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infrastructure can be transformed into a system that corresponds more closely to the natural water
balance. The latter system has greater capacity to store, evapotranspire and infiltrate rainwater before it
is discharged (EPA, 2004). Several approaches have been developed, which are closely related,
including: water sensitive urban design (WSUD), sustainable urban drainage systems (SUDS), and low
impact development (LID). Another popular approach is integrated stormwater management (Fletcher
et al., 2014), which is designed to decrease the exposure of the urban sewage system to runoff after a
heavy rain event. This thesis focuses on the latter system, as it can be achieved using ecosystem-based
approaches with urban greening.

Integrated stormwater management is a holistic approach with objectives that extend beyond adaptation
to future heavy rain events. It sees the urban water cycle as an integral part of the urban system and
takes environmental, sanitary, social and economic considerations into account (Fletcher et al., 2014,
Johannessen & Wamsler, 2017). By extending the focus beyond technical solutions, which focus the
problem of channelling stormwater, and directly incorporating natural processes such as infiltration and
evapotranspiration, the conventional urban drainage system becomes both more resilient and provides
benefits that include consistent water quality, water conservation and the promotion of multiple uses of
the infrastructure, e.g., recreation facilities and habitats for urban flora and fauna (Lloyd et al., 2002).
Several planning principles have been derived to achieve this. For instance, in the WSUD context,
Hoyer et al. (2011) summarize them as: restoration of the natural water balance, design for improving
quality of life, application of techniques and maintenance practices ensuring long-lasting functionality,
multifunctional usage, and public acceptance. Measures to achieve integrated stormwater management
include: the restoration of river beds, the conservation and enhancement of urban green spaces, and the
installation of natural depressions or low-lying vegetated beds (also called rain gardens) along runoff
flow paths. All of these measures are designed to increase rainwater retention and infiltration capacities
(Ahiablame et al., 2012; Endreny, 2008; EEA, 2012).

Despite these multi-purpose, integrated stormwater management practices, surface runoff remains the
critical parameter in deciding how to reduce urban water volumes, and it is assessed in further detail in

this thesis.
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2.2 Concepts for climate change adaptation by urban greening

The following paragraphs present the various concepts that are used in this thesis to discuss climate
change adaptation by urban greening. It should be noted that they are both interrelated, and sometimes

even used synonymously (Naumann et al., 2014).

2.2.1 Ecosystem-based adaptation (EbA)

The concept of EbA is defined as “the use of biodiversity and ecosystem services as part of an overall
adaptation strategy to help people adapt to the adverse effects of climate change” (CBD 2009, p.41). It
was included in the 2008 Bali Action Plan that was presented at the United Nations Framework
Convention for Climate Change (UNFCCC) (IUCN 2008; Girot et al. 2012). Today, EbA is used
internationally (Munang et al., 2013; Naumann et al., 2011). It focuses on sustainable management, and
the conservation and restoration of ecosystems that aim to provide services that support human
adaptation to climate change (Munang et al., 2013; CBD, 2009). Consequently, it is embedded into two
other concepts: ecosystem services and climate change adaptation (Chong, 2014; Wamsler et al., 2014).

EbA is considered to be multifunctional, as it also takes other potential social, economic and cultural
co-benefits for local communities into account. By aiming at multifunctionality different functions are
combined into one action in order to use limited space and capacity more effectively (Ahern, 2011;
Hansen & Pauleit, 2014). Co-benefits are defined as solutions to both climate change and other urban
planning challenges, through the simultaneous implementation of policies and strategies (Jiang et al.,
2016).

The European Climate Change Adaptation Strategy, for example, encourages the implementation of
EbA (EC 2013a). So far, it has mainly been used in the sectors of agriculture and forestry (Doswald et
al., 2014; Vignola et al., 2009). Nevertheless, urban planners are taking a greater interest in EbA as a
cost-efficient, comprehensive and multifunctional approach (Brink et al., 2016). In cities, EbA refers to
the design and improvement of green and blue infrastructure for adaptation purposes (Doswald & Osti,
2011).

2.2.2 Ecosystem services (ES)

The concept of ecosystem services constitutes a foundation for EbA as it defines the services of
ecosystems humans can benefit from for adapting to climate change. It emerged in the late 1970s, when
ecosystem functions that benefitted humans were renamed as ‘services’ in an attempt to raise public
awareness for biodiversity conservation (Gomez-Baggethun et al., 2010). Since then, the discourse has
broadened to include assessment and valuation methods, ethical issues and mainstreaming approaches
into policy making (e.g. Cowling et al., 2008; Norgaard, 2010). The 2005 Millennium Ecosystem

Assessment (MA) report, led by the United Nations, represented the first global assessment of
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ecosystem services explicitly aimed at policymakers (MA, 2005). The concept is important in the urban
sector, as its application can reduce the ecological footprint of cities and enhance their resilience
(Gomez-Baggethun & Barton, 2013; TEEB DE, 2016).

Generally, ecosystem services are defined as the benefits humans obtain from ecosystems (MA, 2005).
They are allocated into four broad categories: regulating, provisioning, cultural and habitat/ supporting
(Figure 4). Each individual ecosystem service has direct effects on human wellbeing, while supporting
services enable other services to be present and hence, have indirect effects (Gomez-Baggethun &
Barton, 2013; MA, 2005; TEEB, 2011). Regulating services are especially relevant for climate
adaptation as they can directly moderate the climate (Gaffin et al., 2012; Larondelle et al., 2014; Uy &
Shaw, 2012).

Cities, seen as socio-ecological systems, depend on the smooth functioning of ecosystems to sustain
good living conditions, security and the wellbeing of humans in the long-term. Although demand for
ecosystem services is high, due to the density of the population, many services (e.g. food, energy and
drinking water) are actually supplied from outside the city’s boundaries. On the other hand, some
ecosystem services are created within the city, notably the moderation of local microclimates, the
promotion of biodiversity, and other aspects that directly affect human health (Gémez-Baggethun &
Barton, 2013; TEEB DE, 2016).

The demand for different ecosystem services in urban planning leads to interactions and feedback
among the services and systems that supply them. Synergies are created, as an increase in one ecosystem
service leads to a mutual increase in another (Haase et al., 2012). This relates to the concept of
multifunctionality, which is found when synergies between the provision of different ecosystem

services are created (Hansen & Pauleit, 2014).
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Figure 4: The concept of ecosystem services (adopted from Gémez-Baggethun & Barton, 2013; MA, 2005; TEEB, 2011)
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2.2.3 Urban green infrastructure (UGlI)

In urban areas, ecosystem services are provided by a network of natural and semi-natural, managed,
green and blue spaces (Benedict & McMahon, 2006; Bolund & Hunhammar, 1999; BMUB, 2015;
Gaffin etal., 2012; Kabisch & Haase, 2013; Noble et al., 2014). Urban green infrastructure (UGI) refers
to vegetated areas within a city that are planned and maintained for the purpose of delivering a large

amount of ecosystem services (Benedict & McMahon, 2006; Hansen et al., 2017).

UGI originated in the United States of America (USA), where it was intended to improve spatial
planning and open space protection (Benedict & McMahon, 2002). In the USA, it is also applied to
sustainable stormwater management and often used in conjunction with LID or SUDS approaches
(Fletcher et al., 2014). At the local scale, the most commonly-implemented UGI for stormwater
management are trees, green roofs, rain gardens or swale systems (EC, 2015; Jayasooriya & Ng, 2014).
At European level, there is a policy aim to mainstream UGI into spatial planning and territorial
development, in the context of the Biodiversity Strategy 2020 (EC, 2013b).

The concept is applied as planning approach that aims to develop coherent networks of green spaces
and contributes to the resilience of urban ecosystems; the goal is to provide services to maintain or
restore ecological functions (Pauleit et al., 2011). It understands vegetated areas of a city as essential
urban infrastructure — equally as important as technical and social infrastructure (Hansen et al., 2017).
UGI is a broader concept than EbA, and aims to improve human wellbeing in many ways, including the
promotion of good health and social cohesion (Davies et al., 2015; EC, 2013b; Lafortezza et al., 2013;
Lovell & Taylor, 2013). UGI principles such as multifunctionality, connectivity, integration, and a
multi-scale and multi-object approach can be applied in spatial planning, and the concept has already

found practical applications in urban planning (Pauleit et al., 2017a; Pauleit et al., 2017b).

2.2.4 Nature-based solutions (NBS)

Recently, the concept of nature-based solutions (NBS) aims to use nature to provide solutions to climate
mitigation and adaptation challenges (Nesshéver et al., 2017). Originally, the concept was introduced
by the World Bank and the International Union for Conservation of Nature (IUCN) to raise the profile
of biodiversity conservation in tackling climate change (IUCN, 2009; MacKinnon et al., 2008). In
Europe, it has been adopted into the Horizon 2020 framework programme for research and innovation
(EC, 2015). NBS are defined as solutions that use nature and ecosystem services to provide economic,
social and environmental benefits (EC, 2015; Maes & Jacobs, 2015). They include both natural
ecosystems and novel ecosystems that are intentionally or unintentionally created by humans
(Eggermont et al., 2015). Pauleit et al. (2017b) found many overlaps in the scope and definition of EbA,
UGI and ecosystem services. At the same time, the latter authors found that the scope of the NBS

concept is broader than EbA, more abstract (in terms of application to urban planning) than UGI, and
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based on ecosystem services’ approaches to the benefits of nature for human wellbeing. Thus, NBS
could be said to be an umbrella term for other concepts that is receiving increased attention at the

political and academic level (Nesshover et al., 2017; Pauleit et al., 2017b).

2.3 Analytical framework

The concepts that are introduced above were used to derive the analytical framework that forms the
basis for the analyses and assessments presented here. The focus lies on the concept of EbA that is
understood as a way to achieve climate change adaptation in urban planning. Figure 5 presents the main
components of the analytical framework.

The EbA concept assumes that ecosystems provide services that help people to adapt to the impacts of
climate change (Chong, 2014; CBD, 2009; Uy & Shaw, 2012; Wamsler et al., 2014). In urban areas
these ecosystems are provided by various forms of UGI (Gaffin et al., 2012). Bolund and Hunhammar
(1999) developed a classification consisting of: trees, parks/ lawns, urban forests, cultivated land and
lakes/ streams. For the present case, this list was extended to include greening of buildings, i.e., green
roofs and facades, street and backyard vegetation and other strategic measures following later work and
taking up additional types that are commonly referred to as climate adaptation options (Benedict &
McMahon, 2006; EEA, 2012; Gaffin et al., 2012; Pauleit et al., 2011).

Ecosystem services have been sub-divided into four broad categories as presented in Section 2.2.2 and
Figure 4 (MA, 2005; TEEB, 2011). Biodiversity is integral to the functioning of ecosystems, and falls
into the category of supporting services that provide habitats and maintain species diversity (Gomez-
Baggethun & Barton, 2013; CBD, 2009; TEEB, 2011). It is explicitly included in the Convention of
Biological Diversity’s (CBD) definition of EbA. All four categories of ecosystem services have
adaptation benefits for urban planning. Regulating services (e.g. local temperature regulation) are
considered to deliver most benefits, as they directly moderate the local climate and are thought to be
effective ways to mitigate heat and runoff (Gaffin et al., 2012; Larondelle et al., 2014; Uy & Shaw,
2012). Other services have indirect benefits. For example, the provision of recreation facilities in green
spaces is considered to be a cultural service that contributes positively to physical and mental health,
while the supply of fresh water that is stored and purified by ecosystems is deemed a provisioning
service (Foster et al., 2011; MA, 2005; TEEB, 2011).

Finally, EbA measures refer to actions that use different UGI types leading to the provision of adaptation
benefits at different scales, from individual buildings (e.g. green roofs) to an entire city (e.g. green
corridors) (Doswald et al., 2014; Geneletti & Zardo, 2016; Munroe et al., 2012; Zandersen et al., 2014).
EbA measures are designed to support climate change adaptation (e.g. adaptation to heat or flooding)
through the provision of at least one ecosystem service (Brink et al., 2016; Doswald et al., 2014;

Doswald & Osti, 2011). If they provide more than one ecosystem service, synergies are created and the
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action is multifunctional. Therefore, EbA measures rely on the presence of relevant UGI types, and
concern the conservation, restoration, creation and/ or sustainable management of ecosystems (Doswald

et al., 2014). They can be characterised in four ways:

- The aim and type of measure (e.g. the promotion of green roofs);

- The type of urban ecosystem or green infrastructure (e.g. a park);

- The ecosystem service that the measure is expected to provide for climate change adaptation,
and the climate change impact it is designed to mitigate;

- The measure’s multiple benefits, if mentioned.

In order to fully define the urban ecosystem that is affected or adopted by an EbA measure, the
classification of UGI types is applicable and therewith, completes the presented analytical framework
(Figure 5).

This framework illustrates the interrelations between the concepts of EbA, ecosystem services and UG,

and how they are used to assess the integration and effectiveness of EbA in urban adaptation to climate

change.
Types
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Figure 5: The analytical framework for climate change adaptation by urban greening — EbA.

18



METHODOLOGY

3. METHODOLOGY

This section presents the methodology applied in this thesis. It begins with the overall approach and a
presentation of the geographical focus area, then goes on to present details of the methodologies to:
a) assess the integration of EbA into urban planning; and b) quantify the effectiveness of EbA for heat

and flood mitigation.

3.1 Overall research approach

To achieve the different objectives presented for this research a mixed methods approach was applied.
Each objective requires a different methodology, and addresses multiple disciplines (i.e. urban ecology,
urban climatology and climate change governance). Paper 1 reviews EbA integration. Therefore,
municipal adaptation strategies were evaluated at national level to provide an overall picture of the
actions of different cities that are subject to the same regulatory conditions. Papers 2 and 3 examine the
same study area. They take a computational approach, and model greening scenarios at the
neighbourhood level to assess the effects of high-resolution vegetation. Modelling helps to simplify the
real world, in this case urban climate and hydrology, without the need for resource-intensive empirical
data acquisition. Furthermore, it makes it possible to assess future scenarios. Both approaches can be
used to analyse single heat or heavy rain events. Finally, the results are compared and discussed to

derive recommendations for urban planning.

3.2 Geographical focus

As multiple methods were adopted, assessments at different scales were necessary — the nationwide
level for comparisons of cities within the same federal background, and the neighbourhood level, where

urban adaptation measures are actually implemented.

Germany was selected as it is a pioneer in the domain of environmental and climate change governance:
climate adaptation is a declared goal of the federal government (Deutsche Bundesregierung, 2011).
German cities have been encouraged to develop municipal adaptation strategies, and several
municipalities have already taken action. Assessing the EbA uptake in this context is particularly
interesting as the political discourse has gained momentum in recent years. For example, the Federal

Agency for Nature Conservation published a review on good ecosystem-based practices in various
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sectors (Doswald & Osti, 2011), and funded a national project on ecosystem-based approaches for
adaptation and mitigation in different sectors from 2012 to 2014 (BfN, 2012). Moreover, the use of
multifunctional green spaces for climate change adaptation was an important part of the Federal
Government’s 2011 Action Plan for Climate Change Adaptation, which recommends actions at lower

policy levels (Deutsche Bundesregierung, 2011).

Among the German cities that are involved in climate adaptation activities, the city of Munich is
considered as a frontrunner because of its engagement in this field (Wamsler, 2017). It had just begun
the process of developing its climate adaptation strategy when the work on this thesis started and, thus,
was not included with its adaptation strategy in the sample of cities that are reviewed in Paper 1.
However, its integrated climate mitigation strategy contains several sections on climate adaptation, and
it was therefore included (RGU, 2012). EbA is given high priority in its integrated climate change
mitigation strategy. The city aims to increase the proportion of green space, and support the
implementation of EbA measures (RGU, 2012). Its climate adaptation strategy was finally published at
the end of 2016, and includes a separate section proposing measures that aim at increasing the use of
different UGI types for adaptation purposes (Schneider et al., 2016). At the same time, the city is
experiencing high population growth, high population density and increasing pressure on open spaces
due to infill development (Artmann, 2014). Therefore, finding EbA solutions that can be effective in a

limited space is important.

3.3 Analysis of municipal adaptation strategies

The assessment of the integration of EbA in municipal adaptation strategies was based on a nationwide
sample of strategy documents. The approach consisted of a quantitative and qualitative content analysis
(Roe, 1994) that, on the one hand, expressed the current situation numerically and, on the other hand,
offered a way to interpret the content of individual strategies. The criteria for the analysis were derived
from the conceptual framework given in Section 2.3. Figure 6 summarizes the methodological

approach.
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Figure 6: Methodological approach for assessing the integration of EbA into municipal adaptation strategies
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3.3.1 Data collection

Larger cities are said to be especially vulnerable to climate change impacts, amongst other things due
to the larger impact of the UHI effect (Zhou et al., 2013). Therefore, the analysis focused on municipal
adaptation strategies in German cities with more than 100,000 inhabitants (Statistisches Bundesamt,
2014) that fulfilled the following criteria:

- The municipalities anticipated an increasing exposure to heat events and/ or flash floods in their
adaptation strategies;

- The municipalities’ adaptation strategies were either stand-alone strategies or an integrated part
of their climate change mitigation or urban development programmes;

- These (stand-alone or integrated) adaptation strategies were publicly available as of January
2015.

Those criteria were chosen to ensure that the cities actually are affected by (a future increase of) climatic
extreme events, hence need to undertake adaptation activities, as well as that their adaptation activities

are documented and made accessible for the public.

On this basis, a total of 34 municipal adaptation strategies were finally identified and assessed. A list
of the documents that were analysed is provided in Appendix A of Paper 1.

3.3.2 Data analysis

Data analysis began with a quantitative content analysis that identified passages of text that made
reference to the EbA concept (Hansen et al., 2014; Roe, 1994). As the words used to describe EbA can
differ within adaptation strategies, the following keywords were used in accordance with the developed

framework and its integrative parts:

- Ecosystem-based
- Ecosystem service — Environmental service
- Biodiversity — Biological diversity

- Green infrastructure — Green structure — Natural balance — Urban ecology.

Each document was analysed with regard to the presence of these keywords. The related context was
filled into an inventory document and coded in relation to the framework for the analysis and research
questions. Explicit references, such as the direct use of the term ‘ecosystem-based’, were understood as
a conscious uptake of the concept, whereas implicit references (i.e. the use of terms describing the
underlying concepts) were taken as an indicator of a conceptual understanding of related objectives and
benefits (Hansen et al., 2014).

The next step was to supplement the context of keywords with additional coding categories, in order to

assess the relevance of EbA in municipal strategies. Codes related to the thematic sections the keywords
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were included in, or to which they referred. Following the work of Baker et al. (2012), five categories
were selected that were also linked to the phases of developing adaptation strategies introduced in
Section 1.1:

1) General background: what happens under climate change and definitions of terms;

2) Site-specific background: objectives and activities of the respective municipality;

3) Climate change impacts on ecosystems: climate change impacts and priorities for adapting
to them;

4) General adaptation options: general description of possible adaptation options;

5) Specific adaptation measures: description of planned on-the-ground measures.

The second qualitative content analysis focused on those sections of municipal adaptation strategies
that addressed specific adaptation measures (fifth bullet point above). A qualitative content analysis
was performed. First, all measures that fulfilled the criteria of an EbA measure derived from the
presented analytical framework (Section 2.3) were identified, irrespective of whether they were
explicitly described as an EbA measure. Second, the contextual notations describing the identified
measures were noted to assess the characteristics of EbA measures as described. UGI types were
assigned according to the list presented above. In addition, the four types of ecosystem services
(provisioning, regulating, supporting and cultural) were divided into 21, individual services, as specified

in Figure 4.
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3.4 Modelling approaches

Based on evaluating the integration of EbA into municipal adaptation strategies, the core of this thesis
is to assess the effectiveness of different EbA measures for climate change adaptation. In the second
stage, the focus moved from the national scale to the micro scale — a densely built-up urban
neighbourhood. Two climatic extremes, a heat and a heavy rain event, were examined. There are several
software packages available that can be used to model urban climate and hydrological events at the
micro-scale. In particular, ENVI-met is applied as microclimatic modelling tool, and MIKE SHE is
used for hydrological modelling. These models were applied and configured to match the situation in
the case study area. In the following sections, their differences and similarities are discussed, and
greening scenarios are presented. The aim was to hypothetically implement different types and
quantities of UGI in the form of EbA measures, and assess their effects on heat and runoff regulation.

3.4.1 Study area

Munich is located at 48° 8” 13°> N, 11° 24’ 31>’ E and lies at 519 m above sea level. Its climate is
classified as humid continental with no dry season, and warm summers with highest precipitation rates
occurring during this season. A climate function map was developed to simulate data on air temperature,
bioclimatic situation and wind patterns for the city, to provide an insight into thermal conditions in hot,
high-pressure weather conditions (Landeshauptstadt Miinchen, 2017). The grid resolution for this map
was 50 m, making it possible to differentiate the thermal conditions of different types of urban
morphology. Especially in the inner city the thermal conditions are unfavourable, mainly due to high

building densities, high surface sealing and low green shares.

The predominant urban morphology is perimeter blocks, which are very common both in Germany and
other European cities. These blocks are characterised by high building and population density, a high
level of surface sealing, and a lack of green areas (Pauleit & Duhme, 2000). According to the
standardised local climate zone (LCZ) classification used in many urban climate studies, perimeter
blocks are typically compact mid-rises (LCZ 2). This class is characterised by a high proportion of
shaded areas, high building heat storage capacity, low backyard air ventilation potential, and a high
potential for wind channelling effects within street canyons (Grothues et al., 2013; Stewart & Oke,
2012; Stiles et al., 2014a). Consequently, they can be particularly vulnerable to overheating, the UHI
effect and flooding, and therefore deserve special attention when planning and implementing urban

adaptation measures.
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Figure 7: Perimeter blocks in Munich and the location of the case study area

More specifically, an assessment by the city administration in 2011 found that 6.5 % of all buildings
can be defined as perimeter blocks (Landeshauptstadt Minchen, 2015). An analysis of these blocks
revealed that, on average, they are 72 % sealed, 28 % vegetated, and the building density is 57 %.

The case study area concerns one of these blocks. It is characterised by an above-average level of
surface sealing and a below-average level of green areas, thus representing the worst-case situation for
heat stress and flooding after heavy rain events. It covers an area of 3.5 ha (150 x 180 m) and is located
in the central district of Maxvorstadt (Figure 7). Approximately 50 % of the case area is built-up. The
main buildings are 17-25 m high, while buildings surrounding courtyards reach heights of 3-10 m. The
block is oriented NE-SW, and the height-width (H/W) ratios of the NW—SE-oriented street canyons on
the short edge of the block are 1.2 and 1.5, while the NE-SW-oriented canyons have H/W ratios of 0.9
and 1.3. An analysis of the Normalized Difference Vegetation Index (NDVI) and height classes based
on aerial photos and field surveys found that 9.0 % of the area was covered with vegetation. This was
further partitioned into 7.1 % tree cover (primarily along the streets and within courtyards), 1.6 % shrub
and 0.3 % grass (in courtyards). The remaining 91.0 % was split into 44.2 % sealed and 46.8 % building
surfaces. Figure 8 shows the spatial arrangement of the area, including the distribution of vegetation.
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Figure 8: The case study area showing its current vegetation

3.4.2 Analysis of extreme weather events

Individual extreme heat and heavy rain events formed the primary input data for the quantitative
analyses presented here and need to be analysed before the modelling work. Data on current climate
conditions is drawn from weather stations and projections of future climate conditions from regional

climate models.

For the analysis of the current climate conditions data for 2000 to 2010 was provided by the Ludwig-
Maximilians-Universitat Munchen (LMU) weather station. This was chosen due to its location in the
city centre (urban climate conditions) and its proximity to the case area. Future climate conditions were
determined from projections provided by the REMO model, which are available in hourly resolution.
REMO data is available at 10 km resolution for the whole of Germany, up to the year 2100, and for all
IPCC greenhouse gas emission scenarios (SRES). Twelve grid boxes, covering the region of Munich,
were averaged for scenario A1B and the period 2030 to 2060. This scenario represents a moderate
situation that is closest to current global trends of greenhouse gas concentration (Nakicenovic et al.,
2000). The period 2030 to 2060 was chosen for three reasons: a) any trees planted today would reach
their optimal potential to provide ecosystem services; b) the effect of long-term municipal strategies
would be seen (e.g. RGU, 2012; Schneider et al., 2016; Steinrlcke et al., 2012); and c) the following
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time period (2060 to 2090) is too far in the future, as it is beyond the planning horizon of municipal

administrations.

Selection of typical hot summer days in Munich

It is necessary to carry out a microclimatic assessment of heat days (maximum air temperature T max >
30 °C; DWD, (2015)) because urban overheating and UHI effects are especially large due to high
pressure, high solar radiation and low wind speeds (Parlow, 2003). Thus, for both datasets, diurnal
cycles representing a typical heat day in Munich were selected. The selection of diurnal (24 hour) cycles
was designed to focus on a particularly stressful situation.

The current average for heat days in Munich is Tmax 0f 31.4 °C, reached in the late afternoon (4 pm),
and occurs nine times per year. Under future climate Tmax is 35.4 °C at 4 pm, occurring 14 times per
year. As it is typical on heat days, wind speeds are relatively low (2.3 m/s and 1.9 m/s respectively from
a south-easterly direction). On the basis of averaged Tmax and diurnal cycles, two heat days (current and
future) with comparable characteristics were selected. Figure 9 shows the diurnal cycle, and highlights
that under future climate conditions T. increases more steeply during the day, while at night they are
more similar. Both curves have their lowest point around 20 °C, and hence can be called tropical nights
(Tmin > 20 °C).
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Figure 9: Diurnal cycle of air temperature of the selected heat days under current and future climate conditions (Data
source: LMU weather station, the REMO climate model)

Selection of typical heavy rain events in Munich

Heavy rain events are defined as more than 10 mm of precipitation per hour, while extreme rain is
precipitation of more than 25 mm per hour, which can lead to quickly-rising water levels and flooding
(DWD, 2016b). Both datasets were analysed to identify those events and determine typical events in
the current and future climates. Values were drawn from rain event statistics for German cities published
by the German Weather Service (DWD), which are the standard reference (KOSTRA-DWD, 2000).

On average, the LMU weather station registers four heavy rain events per year, with a magnitude of

17.0 mm per hour. Most occur in the summer months, and in the late afternoon, representing an annual
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return period. As the design of drainage systems in urban areas is based on a two-year return period
(24.7 mm/h; KOSTRA-DWD (2000)) an event representing this period was selected.

A typical extreme heavy rain event (i.e. 31.3 mm/h) of the weather station’s dataset was chosen as the
input to the model of future climate conditions, as the analysis of REMO data found that this value was
similar to the average for the period of 2030 to 2060. The rain event reflects a five-year return period
according to KOSTRA-DWD (2000). However, hourly precipitation projections for the coming decades
are thought to be unreliable, as models still show significant errors, especially for highly variable, small-
scale processes such as heavy rain events (IPCC, 2007; Pfeifer et al., 2015; Willems et al., 2012).
Consequently, the REMO data was used as a reference point in the selection of an appropriate historical
heavy rain event from the LMU dataset. Finally, both events were recorded between the months May
and June, when vegetation is fully developed (Table 2).

Table 2: The two heavy rain events selected for the analysis

Heavy rain event Return period determined
y Date and time of occurrence from KOSTRA-DWD (2000)
[mm/h] .
for Munich
1. 24.7 05-06-2003 17:00 2 years
2. 30.9 05-05-2001 17:00 5 years

Not only does the diurnal, 24 hour, cycle needs to be considered, but also the soil moisture conditions
and water storage capacity in the days surrounding the event. Therefore, a total period of two weeks
(one week before and after the heavy rain event) formed the input to the hydrological model. In both
cases these periods were dry, without any larger precipitation events than the heavy rain events (Figure

10). In this way, comparability is ensured.
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Figure 10: Precipitation patterns of selected heavy rain events (Data source: LMU weather station)
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3.4.3 Microclimatic modelling with ENVI-met

ENVI-met V4 is a three-dimensional micro-scale model based on computational fluid dynamics (CFD)
that simulates surface—plant—air interactions in the urban environment. It employs the non-hydrostatic
incompressible Navier-Strokes equations to calculate the wind field, the k-epsilon turbulence model
and the Alternating Directly Implicit (ADI) solution technique to calculate the interaction of air flow
and surfaces (Bruse & Environmental Modelling Group, 2015a; Bruse & Fleer, 1998). Further details
of the physical basis of ENVI-met have been described in literature (e.g. Ali-Toudert & Mayer, 2006;
Bruse & Fleer, 1998; Huttner, 2012; Simon, 2016; Taleghani et al., 2015). The model operates at the
micro-scale with spatial resolutions of 0.5-10 m and time frames of 24—48 hours.

ENVI-met is currently the only available urban microclimate model that offers sophisticated
possibilities to include the effects of vegetation in its simulations and therefore it was selected for this
study. It also offers several other benefits compared to, for example, RayMan or Solweig (Lindberg &
Grimmond, 2011a; Matzarakis et al., 2010). It has a high spatial resolution, includes major atmospheric
processes, such as the wind field, temperature, humidity, radiation, and turbulence, takes into account
physiological vegetation processes, and represents vegetation in great detail (Ali-Toudert & Mayer,
2006; Janicke et al., 2014; Lobaccaro & Acero, 2015; Skelhorn et al., 2014). An integrated plant
database makes it possible to include vegetation profiles drawn from empirical data, or using default
data. Default data includes various plant species, but no specific vegetation types, such as green roofs
or facades (Janicke et al., 2014).

This model has been applied in various studies examining the effects of urban form, vegetation, and
surface materials on the microclimate, and has been validated for European climatic conditions (Janicke
et al., 2014; Lee et al., 2016; Skelhorn et al., 2014; Stiles et al., 2014a). In its current version V4 the
evolution of temperature during the diurnal cycle has been improved via forcing (Bruse &

Environmental Modelling Group, 2015a).

To assess outdoor thermal comfort, an integrated tool (BioMet) calculates the physiologically
equivalent temperature (PET). Its application is especially useful for assessing heat regulation as it is
explicitly developed for outdoor conditions and is given in °C, which makes it easily understandable
for urban planners. Moreover, it is recommended in official German guidelines (VDI, 2008). To be able
to compare results, and calculate the human energy balance, most studies refer to a standard person
aged 35, 1.75 m tall, weighing 75 kg (Jendritzky, 1990; Jendritzky et al., 1979) who is assumed to walk
quickly.

This thesis assesses the thermal situation on the afternoon of heat days (> 30 °C) when the thermal load
is highest (Matzarakis et al., 2010). Hence, the analyses refer to 3 pm on an average heat day, at a height

of 1.4 m, which represents the centre of the standard human body described above.
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Configuration of ENVI-met V4

Table 1 summarizes the meteorological input data used in the simulations (see Section 3.4.2).
Simulations were launched at 6 am for a total simulation time of 48 hours. Output data from the second
day were used in the analysis, to exclude any initial, transient conditions (Bruse & Environmental
Modelling Group, 2015a). Input parameters (Table 3) were selected following extensive preliminary
analyses that tested the influence of the main input parameters on the modelling results. This iterative
process was designed to reconstruct the real situation in the study area by providing accurate input data
and producing the most reliable results possible.

Table 3: Meteorological input data for ENVI-met V4

Configuration of ENVI-met V4

Current climate Future climate

Simulation time
Start of simulation 06/18/2002, 6 am 06/01/2058, 6 am
Duration of simulation 48 h

Meteorological conditions
Wind speed (10 m above ground) 2.3 m/s 1.9m/s
Wind direction 160° 192°
Roughness length at 0.01m

initialisation point of wind flow
at model boundaries

Mean air temperature 26.4 °C 274 °C
Max. air temperature 32.1°C 35.5°C
Specific humidity at model top at 7 g/kg

2500 m
Initial temperature atmosphere 26.4 °C 27.4°C
Relative humidity at 2 m 59 %

Cloud cover 0

Soil data
Initial temperature at all levels 19.9 °C
Relative humidity at all levels 60 %

The study area was divided into a grid of 87 x 100 x 25 cells, plus 10 nesting grids, with an equidistant
horizontal and vertical resolution of 2 m. The horizontal resolution of 2 m is a good compromise
between computational effort and accuracy according to Salata et al. (2016). In the vertical dimension,
the lowest grid cell is split into five sub-boxes (0.2, 0.6, 1.0, 1.4 and 1.8 m high) to increase the accuracy
of the calculation of surface processes (Bruse & Fleer, 1998). The grid was rotated 24° from north to
rectify the block structure, which simplified digitising. Existing vegetation was represented by plant
profiles drawn from the integrated Albero database and based on the dominant tree species (Table 4).
The most influential parameter describing the effect of vegetation is leaf area density (LAD) measured

in m?/m?3, representing one-sided foliage area per unit canopy volume.
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Table 4: Vegetation classes used for the representation of current vegetation in the ENVI-met model

Vegetation Street tree Large tree Medium-sized | Shrubs Grass

class tree

Type/ species e.g. Robinia | e.g. Pterocarya | e.g. Betula | e.g. Ligustrum | e.g. Poa spec.,
pseudo- fraxinifolia, pendula, Acer | spec. Cyper spec.
acacia, Acer | Fraxinus campestre
platanoides excelsior

Plant height [m] | 15.0 20.0 6.0 3.0 0.5

Plant width [m] | 6.0 15.0 6.0 3.0 1.0

Root depth [m] | 3.0 2.0 1.4 1.2 0.5

Leaf area | 2.0 1.2 1.0 0.7 0.3

density [m?/m?3]

Leaf area index | 6.1 51 4.0 3.3 3.0

[-]

Dimension in | 3D 3D 3D 3D 1D

ENVI-met

3.4.4 Hydrological modelling with MIKE SHE

Obijective 3 requires the use of a physical-based hydrological model that can determine all of the
hydrological processes making up the urban water balance. This model must be raster-based, run as a
small-scale application and include a detailed representation of vegetation characteristics. MIKE SHE
is an integrated hydrological model, which fulfils these requirements and has been proven be able to
correctly interpret hydrological processes in various applications (DHI Water & Environment, 2016;
Jaber & Shukla, 2012; Ma et al.).

MIKE SHE has several advantages over other approaches such as SWMM, iTree Hydro or the more
simplified runoff curve number approach (Jayasooriya & Ng, 2014; USDA, 1986; EPA, 2017; Wang et
al.,, 2008). None of these alternatives are able to process detailed input parameters of plant
characteristics, explicitly take into account processes driven by vegetation, run stable micro-scale
simulations, or simulate continuous time series and hence soil moisture storage (Ahiablame etal., 2012;
Fletcher et al., 2013; Jayasooriya & Ng, 2014; Wang et al., 2008; Zhou, 2014). Hence, it was selected
for application in this thesis. The MIKE SHE model has already been successfully applied in studies of
the impact of greening and future climate change on surface runoff (e.g. Keilholz et al., 2015; Trinh &
Chui, 2013).
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The following paragraphs describe the technical background, and the calculation of the most important
processes (DHI Water & Environment, 2016).

- Overland flow: When precipitation is falling on sealed surfaces, the water is routed as two-
dimensional overland flow. The shallow water equation (diffusive wave) is solved based on the
finite difference method. The calculation of water flow depends on slopes defined by a digital
elevation model (DEM). Furthermore, the roughness of surface materials is considered by the
Manning-Strickler value (Perry, 1960). Additionally, if surface water can no longer infiltrate,
or groundwater reaches the surface, this water contributes to overland flow (Butts & Graham,
2005). In urban areas, surface runoff is normally routed to a stormwater drainage system. The
effects of these water processes can be calculated by coupling a one-dimensional hydraulic
model such as MIKE 11 or MIKE Urban to MIKE SHE (e.g. City of Copenhagen, 2011). If
detailed sewer data is not available, this calculation can be simplified by removing parts of the
overland water automatically from the model using the paved area function.

- Unsaturated zone: Infiltration, soil moisture and recharge to the saturated zone are calculated
with the unsaturated zone module. Input data are precipitation and soil data (pf-curves and
saturated hydraulic conductivities). Soil data is presented in a soil map with multilayer soil
types. The numerical approach is the Richards equation which is solved one-dimensionally
(Richards, 1931), only considering vertical flow processes. Hydraulic conductivity changes
with soil saturation. This effect is calculated by the van Genuchten formula (Van Genuchten,
1980) in combination with the Mualem function (Mualem, 1976). The representation of the
lower boundary is the head of the saturated zone. By changing groundwater levels the length
of the unsaturated zone is fitted automatically.

- Saturated zone: The calculation of three-dimensional groundwater flows is carried out by
solving the Darcy equation using the finite difference method. Groundwater flows and heads
are negligible for this study. However, the module is needed to define the lower boundary
conditions for the unsaturated zone.

- Land use: To analyse the effects of vegetation, a land use module is integrated into the model.
Inputs are potential evapotranspiration (ETo), a land use map, and vegetation-specific data.
MIKE SHE then calculates actual transpiration, soil evaporation and interception using the
Kristensen & Jensen approach (Kristensen & Jensen, 1975). The equations (1), (2) and (3)
include different functions for the leaf area index (LAI) and the distribution and depth of the

roots.
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o Evaporation from canopy [mm/dt]:

Ecan = min(Cipe + LAL ETyep * At ) (1)
Cint = interception coefficient (= 0.05 mm)

ET, = potential reference evapotranspiration [mm/dt]

At = Simulation time step [dt]

o Plant transpiration [mm/dt]:
ETqr = fi(LAD) - f,(8) - RDF - ET,f (2
fi(LAI, 8) = Functions for LAI or soil moisture (see Kristensen & Jensen, 1975)

RDF = Root distribution function (see Kristensen & Jensen, 1975)

o Soil evaporation [mm/dt]:

ETas = Eyer - £3(0) + (ETrep = ETar = (ETrey - £5(0) ) £:(0) - (1= fi24D) ()
The strong coupling to the unsaturated zone makes it possible to analyse the actual
evapotranspiration in relation to the actual soil moisture. This function is directly integrated
into the Kristensen & Jensen approach and makes it possible, for example, to analyse vegetation

water stress.

The software is organised into modules, which means that all assessed processes can be directly linked

to each other.

Surface runoff, calculated as overland flow, is the decisive factor in the evaluation of the impact of
heavy rain events on the urban system. Nevertheless, the urban water balance is a complex and
interlinked system of contributing processes. The results presented in this thesis are averaged for the
whole study area over a period of three days (one day before and after a day of heavy rain). To evaluate
the temporal occurrence of surface runoff, time series for the hours before and after the heavy rain event

are presented.

Configuration of MIKE SHE

The model requires detailed inputs in the form of meteorological and spatial data. Precipitation rates
(Section 3.4.2) and reference evapotranspiration (ETo), calculated using the Penman-Monteith equation
(Allen etal., 1998; Monteith, 1981; Penman, 1956) were extracted from the climate datasets. Following
this method, ETo, was calculated based on hourly global radiation, air temperature, air humidity and
wind speed. MIKE SHE was run for a simulation period of two weeks (one week before and after the
heavy rain event) to overcome initial transient conditions in, for example, soil moisture, with adaptive
output time steps of one-hour resolution. In both cases, a small rain event precedes the heavy rain event,

only the intensity differs.
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MIKE SHE is a raster-based model. Spatial input data consists of different layers, each at a 1 m grid
resolution. Topography was extracted from a DEM provided by the city of Munich showing the
elevation of surfaces and buildings, and other information regarding the surface roughness of different
materials (Holschemacher, 2015). A land use map was derived from aerial photos and field surveys.
The final model represented impermeable and permeable surfaces, together with any vegetation canopy.
To ensure the comparability of results, the vegetation classes used in the microclimatic model were
adopted, i.e. leaf area density (LAD), plant geometry, root depth and location (see Table 4). For ENVI-
met simulations, LAD is pivotal in the calculation of the evapotranspirative behaviour of plants. In
MIKE SHE, the leaf area index (LAI) is used instead. Both parameters describe the leaf area
characteristics of the respective plant, and are related to each other. This relation can be expressed by
empirical equations e.g. developed by Lalic and Mihailovic (2004). To generate the LAI values for the
MIKE SHE simulations their approach was used as Bruse and Environmental Modelling Group (2015b)
recommend. As vegetation is presented two-dimensionally in MIKE SHE, understorey vegetation could
not be included. The final input parameters (Table 5) were selected following extensive preliminary

analyses to test the influence of the main input parameters on the results.
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Figure 11: Soil profiles for paved areas and tree pits (Henze, 2016)
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Two soil profiles were created based on borehole data provided by the Munich Water Management
Office, the Munich soil atlas, and the regulation ZTV-Vegtra-Mu for paved areas and open soil, for
example in tree pits (Landeshauptstadt Miinchen, 2016a, 2016b). The profiles are vertically subdivided
into three layers (Figure 11):

- Paved areas: Asphalt (impermeable, artificial deposition), gravel (Pararendzina, enriched with
carbonates) and clay;
- Tree pits: Tree substrate (humus, organic matter, coarse grained sand), gravel (Pararendzina,

enriched with carbonates), clay.

Surface water can infiltrate permeable areas, while in paved areas water is channelled and removed
from the model by activating the paved area function, and coupling the one-dimensional hydrodynamic
MIKE 11 model. Hence, processes within the saturated zone are no longer considered, and are
simplified using a fixed groundwater head for the overall project area. Table 5 is a summary of the
relevant parameters used in the MIKE SHE model.

Table 5: Parameter setup for the MIKE SHE model. Notes: * Saturated moisture content, ** Residual moisture content, ***
Saturated hydraulic conductivity, **** Bulk density (adopted from i.e., Landeshauptstadt Miinchen, 2016b; Losken et al.,
2008; Twarakavi et al., 2010)

Parameter Value Unit

Vegetation
Leaf area index (LAI) 3-6.1 -
Canopy interception 0.05 mm * LAI
Root distribution 0.5-3 m

2D surface water
Paved runoff coefficient 0-0.5 -
Resistance value (Ks) 40-85 mY3/s
Detention storage 1 mm
Initial water depth 0 m
Surface-subsurface leakage coefficient 0.0001 I/s
Unsaturated and saturated zone

Asphalt: 8s*; Or**; K***; BD**** 0.2; 0.001; 1e-009; 1700 - - - kg/m3
Substrate for trees: 8s*; Or**; Ks***; BD**** 0.347; 0.055; 0.001; 1150 - - - kg/m3
Green roof substrate: 8s*; Or**; Ks***: BD**** | 0.347; 0.055; 0.0001; 1700 - - - kg/m3
Gravel: 8s*; Br**; Kg***; BD**** 0.45; 0.05; 0.005; 1700 - - - kg/m3
Clay: Bs*; Or**; Ks***, BD**** 0.475; 0.072; 1e-009; 1500 - - - kg/m?3
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3.4.5 Comparability of approaches

Figure 12 summarizes the characteristics of the two modelling approaches that are pivotal to enable the
comparability of the results later on. Both take a physical approach. All calculations are based on
physical equations describing natural processes and interactions within the urban microclimate and the
urban water balance, for example, the calculation of evapotranspiration processes. In both models,
spatial characteristics are represented as grid cells of variable resolution (2 and 1 m), which makes it
possible to include small-scale information on the heterogeneous urban morphology and evaluate the
results based on their spatial distribution. Concerning the temporal resolution, both approaches assess
single events in hourly time steps. Although this requires very detailed meteorological input data, it
provides detailed time series as output. As meteorological data for both heat and heavy rain events is
available from the same sources (the LMU weather station and the regional climate model REMO), the
quality and reliability of the data is comparable. Moreover, results can be derived for current and future

climate conditions.

The most important factor in the quantitative assessment of EbA’s regulating potential is how vegetation
is represented. Both models allow for a very detailed characterisation of vegetation parameters,
therefore the same vegetation profiles with the same parameters can be used as input data. To calculate
the regulating effects of vegetation, the most influential parameter is the leaf area. This is considered in
both models, but in different forms: ENVI-met uses the LAD, MIKE SHE uses the LAI. These
parameters can be linked to each other via empirical equations (e.g. Lalic & Mihailovic, 2004). One
major difference between the approaches is that ENVI-met operates in three dimensions, while MIKE

SHE is limited to two. This is why the effects of facade greening can only be assessed with ENVI-met.

Quantitative assessment of regulating effects of urban green infrastructure

Medelling approaches — basis and input data )
ENVI-met Modelling approaches — comparable output
Physical basis of models V4
Raster resolution Calculation of physical parameters
Event-based analysis . Raster-based results
Modelling approaches :
Hourly resolution of results

Hourly resolution
Same climate data source Results for current and future climate

Same vegetation profiles conditions

Representation of vegetation characteristics - Detailed calculation of vegetation processes
through LAI/ LAD values

MIKE SHE

Figure 12: A comparison of the selected modelling approaches

35



METHODOLOGY

3.5 Developing greening scenarios

Scenarios were developed to compare the regulating effects of EbA measures. Ideally, these should
combine scenarios for different types and quantities of UGI, which can be implemented at micro-scale
(Section 3.5.1). Quantities range from the extreme case of no vegetation cover to the highest possible
percentage of green shares. Moreover, they should follow official planning guidelines to ensure
transferability into practice. The greening scenarios presented in the following sections are the result of

an iterative series of discussions with various experts from research and practice.

3.5.1 Selected types of urban green infrastructure

EbA measures can take the form of different types of urban greening from urban forests or parks at the
city scale to green roofs and facades at the building scale (see list in Section 2.3). This thesis focuses
on three types of UGI as those are the most feasible options for implementation at the micro-scale and
within existing structures (e.g. Ahiablame et al., 2012). At the same time, the functions of the three
types are different, which makes a comparison interesting. The following paragraphs introduce the
selected UGI types in detail, with regard to their regulating functions and their implementation in cities.

Trees

Trees are an important element in urban ecosystems (Bolund & Hunhammar, 1999). They are planted
along streets, in courtyards, in open spaces or in parks and gardens. To supply the trees with soil, water
and root space they are planted in tree pits (FLL, 2015; Roloff, 2013). In addition to their aesthetic and
ecological functions, urban trees provide regulating services for climate and stormwater management
(Demuzere et al., 2014; Gaffin et al., 2012). The four main functions are: evapotranspiration, shading,

interception and infiltration.

- Evapotranspiration is the combined process of evaporation from soils and surfaces and
transpiration through leaf stomata. Both release water into the air and provide a cooling effect,
as energy is needed to evaporate liquid water to water vapour (Taha, 1997).

- Shading reduces incoming solar radiation, which in turn lowers air and surface temperatures
below the tree’s crown (Armson et al., 2013).

- The storage of rain water in the canopy is called interception, and describes the fraction of
precipitation that is held by the leaves of the canopy. The intercepted water then evaporates or,
eventually, contributes to runoff with a time delay (Sanders, 1986; Xiao & McPherson, 2002).

- The surface of the tree pit is — at least to a certain extent — pervious and allows rainfall to
infiltrate into the ground. From there, water is available for evaporation, transpiration or

groundwater recharge (Konarska et al., 2016).
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The functions of evapotranspiration, shading and interception are mainly determined by one factor —
the density of the tree’s leaves (e.g. Kristensen & Jensen, 1975; Moser et al., 2015). This is expressed
by the leaf area index (LAI) or leaf area density (LAD). LAI expresses the one-sided green leaf area
per unit surface area, and the LAD is the per unit canopy volume (Lalic & Mihailovic, 2004). The higher
these values, the higher the transpiration rate, the less solar radiation is transmitted through the crown,
and the more precipitation is retained (e.g. Fahmy et al., 2010; Rahman et al., 2011; Xiao et al., 2000).
Infiltration depends on the permeability and size of the tree pit and its soil characteristics (e.g. Armson
et al., 2013; Konarska et al., 2016).

In European cities, a wide range of tree species are typically planted (Roloff, 2013). However, in central
and north-western European cities only a few genera predominate the species selection — among them
Platanus, Acer, Aesculus and Tilia (Pauleit et al., 2002; Seebg et al., 2005). Vital, healthy trees that can
provide the above-mentioned services must be suitable for use in urban areas, and adapted to climate
change. In Germany, two lists have been developed that evaluate the suitability of urban tree species —
KLAM and GALK. KLAM was developed at the Technical University of Dresden, and evaluates tree
species as a function of their resistance to drought stress and cold, with the aim of selecting trees that
can be planted under future climate change conditions (Roloff, 2013). The GALK list was first
introduced in 1976 by the Heads of the German Parks Departments Conference as a recommendation
to municipal administrations, and has been updated regularly since then (GALK, 2012). Urban planners
use these two lists to select tree species for new plantings, and are considered to ensure vital urban trees

in the long term.
Green roofs

Green roofs are vegetated layers covering the rooftop. The construction is divided into four layers — a
waterproof layer, a drainage layer, a filter layer and a substrate layer. The depth of the substrate layer
depends on roof-carrying capacity, investment decisions and type of vegetation (Ldsken et al., 2008).
Generally, there are two types of green roofs, intensive or extensive. Intensive green roofs are designed
as roof gardens with different types of vegetation and a thick substrate layer (> 0.2 m) (L6sken et al.,
2008). This requires a complex construction, and the level of maintenance is high as irrigation is often
needed. Extensive green roofs, on the other hand, are greened with undemanding vegetation and are
suitable for large areas or sloped roofs, as their technical design and maintenance requirements are
simple (Berardi et al., 2014; Getter & Rowe, 2006). For instance, roofs planted with low, dense and
drought-resistant vegetation of little height are well-suited to residential buildings, and for retrofitting
the existing building stock (Ahiablame et al., 2012). Like trees, green roofs provide regulating
ecosystem services for cooling and rainfall retention by evapotranspiration, changes in surface albedo,
interception and infiltration (Ansel et al., 2011; Pfoser et al., 2013). By greening rooftops their albedo
changes, increasing reflection of incoming solar radiation, and reducing heat storage (Santamouris,

2014). Evapotranspiration, interception and infiltration vary as a function of the substrate’s depth and
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hydraulic characteristics, and the LAI of vegetation (e.g. Czemiel Berndtsson, 2010). In urban areas,
where space for additional greening is limited, green roofs have the advantage of occupying space that
is normally unused (Stovin, 2010). Hence, city administrations support their implementation through
different programmes and incentives, for example, directly by providing financial incentives and
making them a legally-binding part of master plans, or indirectly by reductions in sewage fees (Ansel
etal., 2011).

Green facades

Green facades are plants growing on a vertical surface, typically the walls of buildings. There may or
may not be any further infrastructure, and vegetation is rooted either in the ground or in planters
installed on the ground or within the facade. Some systems need irrigation (Pfoser et al., 2013). Green
facades can technically be attached to a large proportion of walls in a city, and the space required for
their implementation is low compared to, for example, trees (Koéhler, 2008; Manso & Castro-Gomes,
2015). The regulating ecosystem services provided by green facades are evapotranspiration, shading,
changes in surface albedo and infiltration (if rooted in the ground) (Pfoser et al., 2013). Unlike trees,
there is no shading of open spaces, but building walls covered by vegetation have lower surface albedo;
consequently, they prevent incoming solar radiation from heating up the building materials, and
decrease long-wave radiation into the open space (Cameron et al., 2014; Janicke et al., 2014). Like trees
and green roofs, the evapotranspiration and shading capacities of green facades are contingent on the
plant’s LAI, and infiltration capacity on the size and hydraulic characteristics of their planting pits (if
rooted in the ground). As for green roofs, cities can support the implementation of green facades directly

with financial incentives (Pfoser et al., 2013).

3.5.2 Development of scenarios

To assess the regulating effects of different UGI types, a comprehensive set of greening scenarios was
developed. This novel approach integrates different types and quantities of UGI, under varying initial
conditions, while at the same time taking into account the planning guidelines practitioners must follow
(Figure 13). Municipal representatives were invited to stakeholder workshops during the development
of the approach, and provided feedback on complex local requirements and practices. Their comments

were taken into account when parameterising the different scenarios.
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Figure 13: Green infrastructure scenarios tested with both modelling approaches. The Baseline scenario is highlighted.
Facade greening was only simulated by the Microclimatic model, and the Combi scenario by the hydrological model. These
scenarios are hatched.
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The current greening situation (Section 3.4.1) forms the Baseline. The other scenarios range from the
extreme cases of no vegetation (‘0”) to maximum greening for each proposed type of UGI (TreeM,
RoofM, and FacadeM). The ‘no green’ scenario assumes the total loss of vegetation and completely
sealed surfaces. The ‘maximum greening’ scenario assumes that vegetation is present in all available
spaces except buildings. In this case, trees are planted in pits on pavements, on parking lots and
courtyards, and all walls and roofs are greened. Between the Baseline and maximum scenarios, a set of
presumably realistic scenarios (TreeR, RoofR and FacadeR) was created, representing greening
interventions that are technically and spatially feasible. One objective was to place vegetation in areas
that are most exposed to heat, notably those that are south-west oriented (e.g. Lee et al., 2016; Norton
etal., 2015) as the location of the vegetation is assumed to have a large impact on heat mitigation. Other
realistic interventions included planting trees on pavements and in courtyards at a minimum distance of
10 m from each other, only greening flat-roofed buildings (in courtyards) and greening two-thirds of
facades. For individual trees, it was assumed that they would provide more cooling than tree stands per
unit canopy area, because their canopies intercept light over a greater area (Ennos, 2010). Greening is
most likely to be technically feasible on flat roofs, and approximately one third of a facade cannot be
greened due to space requirements for windows (Pfoser et al., 2013). Facade greening was only tested
in the microclimatic model, as the hydrological model is two-dimensional and cannot represent this
situation. Finally, a combined, realistic scenario of green roofs and trees was developed (‘Combi’) and
tested in the hydrologic model. For all scenarios, the existing Baseline vegetation was preserved (except
for scenario ‘0’). In the case of overlapping vegetation types, priority was given to the type with the
higher leaf area. To isolate the effects of vegetation from the effects of the urban form, the arrangement
of streets, buildings and surface materials were kept constant in all scenarios. Figure 13 sums up the

approach, and Figure 14 presents the location of the respective types of UGI in each scenario.

The extent of greening is 9.0 % in the Baseline scenario (see Section 3.4.1). Table 6 gives the respective
percentages for all scenarios, and the percentage of permeable surfaces for scenarios tested in the
hydrological model. Permeable surfaces are, to a certain extent, the same as greening (e.g. for green
roofs). However, for trees the percentage of permeable surface is less than greening, as only the size of

the tree pit is counted, while the crown is counted as green cover. For each modelling approach, these
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percentages were calculated using the respective software or analysis tools (R for microclimatic
modelling, MIKE SHE for hydrological modelling), and from a two-dimensional perspective. For this
reason, the proportion of green facades is lower than if their vertical coverage is included. Due to the
different sizes of grid cells (ENVI-met 2 m, MIKE SHE 1 m) and the rotation from the north (in ENVI-

met) the calculated percentages vary for the same spatial setups.

Table 6: Green share and permeable surfaces of all scenarios calculated by the two models

Scenario ENVI-met MIKE SHE
Green share % Green share % Permeable surfaces %

‘0’ 0.0 0.0 0.0
Baseline 9.0 6.4 1.7
TreeR 23.6 14.9 3.9
TreeM 35.6 25.3 6.5
RoofR 17.8 14.6 10.1
RoofM 55.8 54.3 50.0
Combi - 22.7 12.2
FacadeR 12.3 - -
FacadeM 19.3 - -
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Figure 14: Overview of all greening scenarios with location and distribution of the respective UGI type
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3.5.3 Definition of vegetation profiles

To build the scenarios within the two modelling approaches vegetation profiles were defined for each
UGI type. The ENVI-met package includes a database of common European vegetation profiles that
defines species, geometry and leaf area characteristics. As it was not possible to collect empirical data
regarding existing vegetation on the ground, these profiles were used and supplemented by information
from the literature on, for example, facade greening. Table 7 presents the three vegetation profiles that
were selected, namely a type of tree frequently found in Munich and rated as suitable for urban areas
by GALK and KLAM (GALK, 2012; Roloff, 2013), an extensive green roof covered by grass and a
typical way of facade greening with creeper.

Table 7: Characteristics of the selected vegetation profiles used in greening scenarios. Adapted from ENVI-met Albero and
Jénicke et al. (2014).

UGI type Tree Green roof Green facade

Type/ species Acer platanoides Extensively greened Parthenocissus
tricuspidata

Plant height [m] 15.0 Max. 0.5 Depending on building
height

Plant width [m] 6.0 1.0 1.0

Root depth [m] 3.0 0.5 1.0

Leaf area  density | 2.0 0.3 1.9

[m2/mq]

Leaf area index 6.1 3.0 Depending on building
height

Next to the leaf area other parameters regarding vegetation profiles were set. Consistent with municipal
regulations of the city of Munich, the size of the trees’ planting pits was set to 36 m® with a diameter of
3 m (Landeshauptstadt Miinchen, 2016b). The technical construction of the green roof consisted of a
0.2 m thick substrate layer as recommended by Ldsken et al. (2008). This made the creation of a third
soil profile for the green roof substrate necessary (compare Section 3.4.4). It consists of the 0.2 m
substrate layer made up of coarse-grained material such as lava, pumice and expanded slate and an

impermeable clay layer representing the roof construction (Ldsken et al., 2008).
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3.6 Assessment of multiple ecosystem services

The final step was to compare the results of the two models, in order to draw some conclusions on the
synergies of EbA measures implemented to regulate both heat and runoff. First, the reduction potential
of each scenario was compared and ranked. Only scenarios that were assessed in both models were
used. Reduction potential for heat and runoff mitigation was expressed as the relative change in either
PET values, or runoff volume as a percentage of the overall precipitation volume, compared to the
Baseline scenario. The regulating effects of single types of UGI (trees and green roofs) were compared
by referring to their specific functions (Section 3.5.1). The results and their comparison offer a better
understanding of the key vegetation parameters needed to provide certain functions, and make it
possible to optimise vegetation characteristics.
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4. RESULTS

This section summarises the results presented in Papers 1 to 3, and the evaluation of EbA synergies for
heat and runoff mitigation (Objective 4).

4.1 Integration of EbA into urban adaptation strategies

The 34 climate change adaptation strategies included in this analysis (Appendix A of Paper 1) are
significantly different in terms of their type, structure, scope and presentation. Nineteen are stand-alone
policies, 14 are part of municipal mitigation strategies, and one is part of an urban development strategy
(Figure 15). Overall, stand-alone adaptation strategies were more comprehensive and detailed than

others.

The context analysis showed that almost half of the keywords (47 %) appeared in the section of the
documentation focused on specific adaptation measures. With respect to individual keywords, in all
cases, most references to EbA related to specific adaptation measures, while ‘biodiversity’ was
frequently included in the context of climate change impacts. This gives a first insight into the
importance of EbA and its related concepts. Following from the fact that EbA receives its main
attention, when specific adaptation measures are presented, a high relevance, clear understanding of the

purpose of EbA and high chances for an actual implementation of measures are indicated.
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Figure 15: Large German cities with adaptation strategies, either as a stand-alone policy, or as part of municipal mitigation

Furthermore, the analysis showed that 76 % of climate change adaptation strategies include adaptation
measures that can be related to EbA according to the analytical framework. The percentage of EbA
measures compared to conventional, engineering-based measures ranges from 15 to 100 %. In three
cities, all adaptation measures can be linked to EbA: Munich (integrated into a mitigation strategy), and

Bremen and Mulheim (stand-alone adaptation strategies). Many cities provide a comprehensive list of
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planned adaptation measures (ranging from 0 to 157) together with more-or-less detailed explanations.
The urban ecosystems used or created by EbA measures cover all classes of UGI from green buildings
to urban forests. Parks/ lawns are the most frequent (93 instances) individual measures. In contrast,
greening of buildings (19 instances) is least frequent. Typical EbA measures include: a) the creation of
new ecosystems by planting trees, greening roofs and facades, or creating climate-regulating green
spaces; b) measures that have an impact on parks/ lawns such as the conservation and extension of parks
for fresh air exchange or the use of green areas as flood retention areas; and c) strategic and regulatory
measures, for example, the implementation of a biodiversity strategy, the development of habitat
connection plans, or the promotion of species diversity when planting trees.

Regarding the effectiveness of EbA measures, only Berlin and Kéln had attempted to quantify their
impact through microclimate simulations. These showed a reduction in air temperature as a result of
implementing greening programmes (e.g. street trees or facade greening). No other evidence is available
concerning the effectiveness of EbA (Grothues et al., 2013; Senatsverwaltung fir Stadtentwicklung
Berlin, 2011).

Regarding the expectations and reasons for integrating EbA measures into adaptation strategies, 14 of
the 21 individual ecosystem service categories were mentioned. On average cities named 11 different
ecosystem services as motivation for their EbA measures. Regulating services were cited most often
(303 instances), which highlights the importance of local climate regulation as the main purpose of EbA
measures. Except for Mihlheim, all cities that listed specific adaptation measures referred to regulating
ecosystem services in their strategies. Among these services, ‘urban temperature regulation” was used
121 times to refer to measures such as the conservation of fresh air corridors and greening facades.
‘Run-off mitigation” was achieved by, for example, greening roofs and unsealing impermeable surfaces
(54 instances), while ‘moderation of extreme events’ through, for example, climate-adapted species
selection was used 59 times. With respect to individual adaptation strategies, 48 % included EbA
measures with multiple objectives that aimed to provide more than one ecosystem service. In absolute

terms, 25 % of descriptions of EbA measures refer to multiple objectives.
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4.2 EDA potential to regulate heat events

On a hot summer day pedestrians experience moderate to extreme heat stress in all open spaces in the
Baseline scenario. PET reaches 41.1 °C on average, with single values ranging from 34 °C to nearly
60 °C at 3 pm. Within the study area, thermal comfort varies. Highest discomfort occurs in the north-
eastern courtyard, where there is no ventilation, wind speeds are close to 0 m/s, and south-western
oriented facades and asphalt surfaces reflect incoming solar radiation (Figure 16, left side). The coolest
spots are found in street canyons and courtyards shaded by trees and buildings, with PET values between
34 and 39 °C. Where streets are not shaded, PET is higher as a high proportion of incoming solar
radiation is re-radiated from the asphalt.

Under climate change, thermal discomfort for pedestrians increases by 6 %, to an average PET of
43.5 °C (ranging from 37-62 °C PET). Spatial variability is similar to today’s climate, as the north-
eastern courtyard is still the area of highest discomfort, with PET values up to 62 °C. Even in shaded
areas, PET increases to over 41 °C, leading to extreme heat stress. This is especially true for shaded
courtyards, where there is little wind and hot air cannot escape (Figure 16, right side).
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Figure 16: Simulated PET values for a height of 1.4 m at 3 p.m. for the Baseline scenario under current and future climate
conditions.

Although all greening scenarios achieve an improvement in PET values compared to the current
situation, thermal comfort remains low. Average PET values for all scenarios indicate strong (3541 °C
PET) to extreme (above 41 °C) heat stress. This shows that the regulating potential of the different

scenarios varies as a function of the UGI type and quantity.
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Figure 17: Simulated PET values for a height of 1.4 m at 3 p.m. for the TreeR and FacadeM scenarios. Although both show
an average PET reduction of 10% compared to the Baseline, there are differences in local regulating effects.

Planting trees has the highest potential to mitigate thermal discomfort during heat days. Maximum tree
planting (TreeM, 34 % tree cover) reduces PET by 13 % compared to the Baseline. TreeR has tree
crown cover of only 24 %; however, it still achieves a PET reduction of 10 %. Most of this reduction
comes from shading and evapotranspiration (e.g. Bowler et al., 2010; Konarska et al., 2014; Shashua-
Bar & Hoffman, 2000). PET values reflect the pattern of solar radiation hitting surfaces, as expressed
by Tmr, which governs PET as a dominant factor during the daytime of calm and windless days (Lee et
al., 2016). Local PET values under tree crowns decreased to a minimum of 31 °C in TreeM, representing
moderate heat stress. The highest mitigating effect of trees occurred in the north-eastern courtyard,

where PET was reduced up to 40 % compared to the Baseline (Figure 17, left side).

A comparison of green roofs and facades reveals significant differences in their heat mitigation capacity.
Green roofs do not contribute to shading effects and are distant from street level. Their contribution to
reducing PET at the 1.4 m level is small for RoofM (0.5 %) and zero for RoofR (no reduction). However,
green facades achieve average PET reductions in the range of 10 % (for FacadeM) and 5 % (for
FacadeR) under today’s climate. Green facades decrease the heating of walls and the reflection of
incoming solar radiation (Janicke et al., 2014; Pfoser et al., 2013) leading to a reduction of T and PET
in front of green facades. When facades are greened, minimum PET values in the study area dropped
to 30 °C compared to 34 °C with current greening. However, this reduction is restricted to the immediate
proximity of the green facades (Figure 17, right side). Further away (> 2 m), no effects were observed.
Therefore, differences in thermal conditions between urban locations are closely related to the amount

of solar radiation reaching the surface, i.e. the sky view and the proximity of vegetation (Oke, 1980).

The heat mitigating effects of trees, green roofs, and green facades are summarized in Table 9. Figure
17 compares the spatial cooling effects of trees and green facades. Both scenarios achieve a reduction
of 10 %, but the heat maps reveal that trees increase the fraction of shaded open spaces, while green

facades provide cooling by hindering the re-radiation of heat from building walls.
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4.3 EDA potential to regulate heavy rain events

In both current and future climate conditions, precipitation represents the main water inflow into the
study area. These inflows are converted into an outflow (i.e. surface runoff that is discharged into the
sewage system, evapotranspiration, or subsurface flows), or an increase in the water stored by the

system. All of these components are shown in Table 8.

For the smaller heavy rain event with a two-year return period, 95.7 % of precipitation is discharged,
whereas 2.7 % contributes to evapotranspiration, and 0.8 % to groundwater recharge. The
evapotranspiration rate is an aggregation of plant transpiration, soil evaporation and evaporation from
ponded water, either from surface runoff or canopy interception. As only 6.4 % of the study area is
greened, evapotranspiration from interception remains relatively low. Moreover, only 2 % of surfaces
are permeable. For example, tree pits infiltrate water through the topsoil and contribute to soil
evaporation, plant transpiration, or groundwater recharge.

Table 8: Hydrological processes in m® and % for the Baseline scenario under current and future climate conditions.
Note: * For example evaporation from detention storage, boundary outflows, model error.

Two-year return period Five-year return period

Hydrological process m3 % m3 %
Precipitation =779.0 —-100.0 -978.8 —-100.0
Surface runoff 745.7 95.7 946.6 96.7
Evapotranspiration 20.8 2.7 15.7 1.6
:En\»::fczrs;f: from 20 0.3 20 0.2
Soil evaporation 3.9 0.5 3.1 0.3
Plant transpiration 12.5 1.6 8.9 0.9
E\é:\\[laoration from overland 25 0.3 16 0.2
Groundwater recharge 6.0 0.8 2.8 0.3
Storage change =75 -1.0 —-6.3 —-0.6
Others* 14.0 -0.9 20.1 0.4

Under future climate change scenarios, rainfall intensity is higher and 96.7 % is discharged. The relation
between the precipitation event and amount of surface runoff remains relatively stable. The rate of
surface runoff is higher compared to current climate conditions due to higher levels of precipitation in
the same time step, and immediate discharge from the surface. Figure 18 shows that most precipitation
drains away within the hour of a heavy rain event. In return, water has proportionally less time to

infiltrate, evapotranspire or be intercepted.

49



RESULTS

900
800
700
600
500
400
300
200

100
0 o |
13:00 14:00 15:00 16:00 17:00 18:00 19:00 20:00 21:00

m3

Baseline 2y mBaseline 5y

Figure 18: Surface runoff in the Baseline scenario in hourly time steps before and after heavy rain events (two- and five-
year return period)

The addition of vegetation to the Baseline scenario decreases surface runoff and increases
evapotranspiration. The biggest increase can be attributed to soil evaporation and plant transpiration.
Another effect observed are the increased rates for water uptake from saturated and unsaturated zones
needed for transpiration during dry summer months. This leads to a lack of storage in the unsaturated
zone. This additional inflow means that increased evapotranspiration has more impact than reductions
in surface runoff. Under future climate conditions (i.e. higher rainfall intensity), surface runoff
reductions are slightly less than under current conditions, as less water is retained and made available
for evapotranspiration and infiltration. The most effective runoff reduction scenario has the highest
percentages of green cover and permeable surfaces (RoofM, 54.3 % greening). As for the other greening
scenarios, a maximum difference of 2.4 % from the Baseline is reached in the Combi scenario (22.7 %
greening). TreeR and RoofR have almost the same percentage of green cover (approximately 15 %),
while their surface runoff rates are 94.8 % and 94.2 % respectively for the two-year return period. Small
differences are found in evapotranspiration, groundwater recharge and storage change due to the higher
percentage of permeable surfaces in the RoofR scenario. On the other hand, the result of the Combi
scenario is almost the sum of the two individual scenarios RoofR and TreeR. The difference can be
explained by the presence of tree crowns over green roofs in courtyards, and the inclusion of only the

tree layer in the two-dimensional simulation.
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4.4 Synergetic effects for heat and flood mitigation

The results of Papers 2 and 3 clearly show that all UGI types reduce both heat stress and surface runoff,
independent of the quantity of their implementation. Nevertheless, regulating potential varies within the
scenarios, as a function of the UGI type and quantity (Table 9). Trees are most effective for heat
mitigation with PET reductions of up to 13 %, due to their ability to provide both shading for open
spaces and building surfaces and evapotranspirative cooling. Shading is the more influential parameter,
as it reduces incoming solar radiation and consequently the heating of artificial surfaces, which re-
radiate heat (Akbari, 2002; Oke, 2011). With respect to runoff mitigation, increased evapotranspiration
is beneficial, as is interception by the tree crown and infiltration into tree pits. Infiltration has the biggest
impact on reducing runoff. However, the unsealed land available to plant trees and increase infiltration
is limited, and the maximum reduction (2 %) is far less than that achieved by green roofs (14.8 %). This
shows that in this case, permeable green roofs are the most effective UGI type due to their ability to
provide large capacities for infiltration through their permeable surface. On the other hand, they are
least effective for heat mitigation at pedestrian level due to their distance from the street.

Consequently, both trees and green roofs are complementary for achieving adaptation to extreme heat
and heavy rain events, however their contribution differs as they provide two different functions:
shading of open spaces and building surfaces (for heat mitigation) and infiltration capacity (for runoff

mitigation).
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Table 9: The potential for heat and runoff regulation expressed as relative change compared to the Baseline scenario under
current climate for each greening scenario under current and future climate conditions

Scenario Heat regulation Runoff regulation

Current climate Future climate Current climate Future climate
‘0’ = No greening +4.3 +10.7 +0.7 +1.6
Baseline = Current 0.0 +6.3 0.0 +1.0
greening
TreeR = Realistic -10.3 -4.0 -0.9 +0.2
trees
RoofR = Realistic 0.0 +6.3 -15 -0.4
green roofs
FacadeR = Realistic -5.1 +0.9 (Not assessed) (Not assessed)
green facades
TreeM = Maximum -13.0 -7.1 -2.0 -0.9
trees
RoofM = Maximum -0.5 +6.3 -14.8 -13.4
green roofs
FacadeM = -9.8 -4.1 (Not assessed) (Not assessed)
Maximum green
facades
Combi = Realistic (Not assessed) (Not assessed) -2.4 -1.2
trees and green
roofs

Furthermore, the results show that the strategic placement of vegetation in heat-exposed areas increases
its heat mitigation effects and reduces the need for additional green cover, while for runoff mitigation
in flat areas (like the study area) the extent of green and permeable surfaces is key, resulting in a need
for extensive green cover. While the maximum tree crown cover (34 %) reduces PET by 13 %, just
22 % cover can reduce PET by 10 % if hotspots are prioritized. With respect to runoff mitigation, there
is a clear relation between green cover and runoff reduction, as maximum green cover (54 %) achieves
the maximum runoff reduction (15 %). This is confirmed by comparing RoofR and TreeR scenarios,
which both have 15 % green cover and a similar runoff reduction potential. Hence, to regulate heat
events, vegetation needs to shade heat exposed areas, while to regulate heavy rain events, green cover

must enable infiltration (expressed as the extent of permeable surfaces).

As the greening scenarios can only take account of one vegetation profile per UGI type, Table 10
summarizes the vegetation characteristics that contribute to either heat or runoff regulating ecosystem
services, and which should be considered when selecting plants. These parameters were found to be

influential during sensitivity testing before the model setup. Optimizing one service can positively

52



RESULTS

influence the provision of other services, intensifying synergies. For instance, a tree with a high LAD
not only has high shading potential, but also higher interception rates. Green roofs with deep substrate

have a high capacity for retaining water, while also increasing the potential for evapotranspirative

cooling.
Table 10: Vegetation characteristics for optimising heat and/or runoff mitigation

Heat mitigation Runoff mitigation

Trees High evapotranspiration rates High leaf area density for interception
High leaf area density for shading Large crown volume for interception
High crown volume for shading High evapotranspiration rates
Drought tolerance Large tree pit for infiltration

Green roofs High substrate depth for High substrate depth for infiltration and
evapotranspirative cooling retention
High evapotranspiration rates High evapotranspiration rate
Drought tolerance

Green facades High leaf area density for shading (Not assessed)
Drought tolerance

To summarise, all of the assessed UGI types can contribute to climate change adaptation by mitigating
both heat and runoff, so being synergetic. However, urban planners and decision-makers need to
establish their priorities when choosing the most effective type of UGI for their situation — trees for heat
mitigation, and green roofs for runoff mitigation — and optimise the UGI type accordingly.
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5. DISCUSSION

The first part of this section discusses the relevance and general limitations of the main findings, first
in terms of the current integration of EbA, then for its regulating potential to extreme heat and rain
events. The next part is dedicated to the multifunctionality of EbA, followed by a discussion of the
methodological limitations of the modelling approach to improve the understanding of the underlying
assumptions when interpreting the study’s results. Finally, some practical implications for urban

planning are discussed.

5.1 Current status of EbA in strategic urban planning

The results of Paper 1, presented in Section 4.1, show that the EbA concept and terminology have not
yet been disseminated to the local policy level in Germany, as none of the strategies included in the
analysis took a comprehensive approach to EbA. While the importance of EbA is acknowledged at
federal level (BfN, 2012; Doswald & Osti, 2011), this has not led directly to a successful uptake at local
level. Wamsler et al. (2017) suggest some pathways for effective EbA mainstreaming at local,
institutional and interinstitutional level, meaning that integration could become a standard procedure.
The latter study finds that power relations and conflicts of interests at all levels can hinder
implementation. For example, municipalities see climate change mitigation and adaptation as separate
issues and, hence, miss sharing experiences or exploiting potential synergies. This is consistent with the
results of Pasquini and Cowling (2014) and Wamsler et al. (2016) for South Africa and Sweden, which
suggest that a lack of knowledge transfer and institutional fragmentation underlie the lack of integration

of EbA into urban adaptation planning.

Nevertheless, most strategies included indirect references to the underlying principles of EbA
(ecosystem services, biodiversity and green infrastructure), indicating a general understanding of the
concept. Interestingly, the term ‘ecosystem service’, even though more closely related to EbA, receives
less attention than the term ‘biodiversity’. This may be due to the fact that the term ‘ecosystem services’
was created by academia (MA, 2005). This is seen in Dresden’s strategy, which is the product of a large
research project and contains most references to the term compared to all other assessed strategies
(REGKLAM, 2013). Other reasons that the concept is not further acknowledged could include that: a)

it is a recent development; b) some aspects of it (e.g. monetarisation) have been criticised by municipal
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staff (Wamsler, 2015) and c) ‘older’ concepts, such as ‘landscape’ or ‘ecological functions’ still exist
in the German planning discourse (Albert et al., 2012). On the other hand, the importance given to
biodiversity might in Germany be related to the fact that the country expects climate change to have
severe impacts on biodiversity in the near future (Mosbrugger et al., 2013). It is interesting to note that

in Sweden, biodiversity has been the driver of EbA approaches (Wamsler et al., 2016).

Itis clear that in Germany, the EbA concept is more widely understood by the research community than
by the municipal administrations or private companies who are the authors of the assessed adaptation
strategies. The example of Dresden supports findings from studies in other regions, which reveal that
progress in EbA integration is most often found in cities where climate change adaptation research is
being carried out (Pasquini & Cowling, 2014; Wamsler, 2015). For instance, in South Africa, Pasquini
and Cowling (2014) concluded that research activities facilitated collaboration for environmental
goverance and consequently the mainstreaming of EbA in a city administration.

This raises the question of whether EbA is the best term to use (outside of academia) to promote climate
change adaptation using ecosystems and biodiversity, given that it is not fully accepted by practitioners
(Wamsler, 2015). Recently, the European Commission (EC) established the term nature-based solutions
(NBS) as an alternative, and it is gaining increasing attention in research and practice (Nesshover et al.,
2017). NBS are defined as sustainable actions that help societies to tackle not only the challenge of
climate change, but also other environmental, social and economic challenges (EC, 2015; EEA, 2015).
It is possible that this term could be more easily accepted by a wider group of stakeholders than EbA is

at the moment (Nesshover et al., 2017).

The variation in the percentage and type of EbA measures presented in adaptation strategies suggests
that a consistent and comprehensive approach to their selection and integration is lacking. In Germany,
there is currently no legal requirement to develop an urban adaptation strategy, and various unofficial
guidelines are available (e.g. ICLEI, 2010; Prutsch et al., 2014). Existing strategies are therefore the
result of voluntary efforts. This has resulted in a wide array of approaches, different types of strategies
and measures with different scopes, leading to a wide range of results. According to Geneletti and Zardo

(2016), this is also the case for adaptation strategies adopted by large cities in other European countries.

The findings presented here suggest that clearer guidance for municipalities that are taking action in the
area of climate change adaptation, together with increased emphasis on the importance of ecosystems
for climate change adaptation might help to promote the integration of EbA into urban adaptation
planning of German cities (Deutsche Bundesregierung, 2011; Hansen et al., 2014; Noble et al., 2014;
Pramova et al., 2012). It should be noted that most of the adaptation strategies that were examined
prioritised regulating ecosystem services. Moreover, almost half of the strategies emphasised the
multiple functions of EbA. Unlike non-EbA measures that only have one adaptation benefit (e.g.

mechanical shade devices or changing surface albedo), EbA measures can provide several benefits at
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the same time (EEA, 2012).The results also underline the need for further studies that provide evidence
of the multiple benefits for both adaptation and other areas of urban planning of EbA (Doswald et al.,
2014; Pasquini & Cowling, 2014).

Finally, to strengthen the approach and the results of this study, it would be interesting to interview
decision-makers and include other urban planning documents, such as urban land use plans and
biodiversity strategies in the analysis, as this would provide a deeper insight on the integration of EbA
into urban adaptation planning in Germany. Moreover, further research could assess both the benefits
and the cost-effectiveness of EbA measures compared to other climate change adaptation options.

5.2 The regulating potential of EDA

A prerequisite for the implementation of EbA measures is to acknowledge the importance of ecosystem
services for effective climate change adaptation, and ensure that it is disseminated into municipal
adaptation strategies (TEEB DE, 2014). To support this, the results of Papers 2 and 3 provide empirical
evidence on the positive effects of EbA in regulating extreme climatic events. All of the assessed types
of UGI contribute to both reducing the outdoor thermal load and the volume of surface runoff after

heavy rain events.

Under future climate change scenarios, all three types of UGI have the potential to decrease expected
impacts to, or even below, today’s level of heat stress and surface runoff. Both trees and green facades
can provide climate-proofing against heat stress, assuming a minimum of 10 % of the surface is covered
by either trees or green facades (i.e. scenarios TreeR, TreeM and FacadeM with 24, 36 and 19 %
greening respectively, Figure 19). UGI types can also compensate for surface runoff due to climate
change, as shown in scenarios TreeM, RoofR, RoofM and Combi. In this case, outcomes are related to
the extent of both greening and permeable surfaces, which need to be larger than a minimum of 6 %
(6.5, 15, 54 and 23 % permeable cover in TreeM, RoofR, RoofM and Combi respectively). The results
presented here support the study of Gill et al. (2007), who suggest that heat climate-proofing is
achievable with a 10 % increase in greening in the Greater Manchester city centre, where the current

green cover is 20 %.

56



DiscussION

50

40
35
30

20
15
10

PET (°C) at 3pm in 1.4 m height

Scenarios

Today Future Baseline today

Figure 19: PET reduction potential for greening scenarios. The horizontal bar represents the PET Baseline scenario (the
current climate). Under climate change, TreeR, TreeM, and FacadeM lead to a PET reduction of 4, 7, and 4 %, respectively,
which is below the Baseline level.

There is often little space for additional vegetation in dense urban areas (such as the case study area),
and thought needs to be given to how much green can be added. Also in Manchester, Hall et al. (2012)
calculated that the potential increase in tree cover was only 5 %, given local regulations, which would
fail to keep temperatures down to current levels under climate change. Consequently, a 10 % increase
in green cover cannot be solely achieved by, for example, simply planting more trees. Another option
is greening facades, because, although they do not contribute to shading of open space, they offer great
cooling potential while requiring little space. Green roofs can regulate runoff, and offer the advantage
of occupying space that is normally not used. This is relevant when there is a lack of space for greening,
when the use of open space is controversial, or when radical changes to existing structures are not

allowed.

At the same time, it is necessary to assess the effectiveness of combinations of different types of UGI,
and when their joint implementation creates synergies and trade-offs. In the Combi scenario (tested for
its runoff mitigation potential), the combination of trees and green roofs results in the summing of their
regulating effects, while only the extent of green roofs overlaid by trees is missing. The combination
leads to a greater reduction of runoff, as both measures increase storage capacity through interception,
evapotranspiration and infiltration. Interception and evapotranspiration rates are higher with additional
trees, which is the result of their higher LAI and larger root system. Green roofs, on the other hand,
increase the percentage of permeable surface and increase infiltration. Consistent with the findings
presented here, Trinh and Chui (2013) find a summing effect for runoff mitigation for green roofs and
bio-retention systems tested first separately, and then in a combined scenario. Lobaccaro and Acero

(2015) suggest that a similar positive correlation between different UGI types could also exist for heat
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regulation: the combination of grass, trees and green roofs was found to have lowest PET values in all

scenarios examined.

The results of the microclimatic model show that the effectiveness of EbA measures is a function of
their location within the area. Placing vegetation in heat-exposed hotspots increases its mitigating
effects. This may be because there is a nonlinear relationship between green cover and PET reduction.
However, this is not shown to be the case in studies such as Middel et al. (2015), who found a linear
reduction in air temperature as the tree crown cover increased in hot and arid climates. This may be
because the latter study used air temperature, rather than PET, and distributed additional trees evenly
within the study area. Furthermore, the Middel et al. study used an earlier version of ENVI-met (V3.1).
In this version of the software, vegetation could not yet be displayed as an individual object, meaning
that transpiration processes were calculated differently (Bruse & Environmental Modelling Group,
2015a; Simon, 2016). Moreover, the study area used in this thesis has a higher building density, and
consequently higher heat storage capacity and more shaded areas. It is possible that these factors have
an impact on cooling potential that is different to the open, low-rise residential area assessed by Middel
et al. (2015).

The hydrological model found no direct relation between the magnitude of runoff and the location of
greening. Nevertheless, it can be assumed that it may be important to place it in natural overland
channels, as additional surface water can infiltrate into pits of trees or green facades. This needs further
research, for example in urban areas with larger differences in elevation than the study area, and an
evaluation of the problems that might occur when polluted surface runoff directly infiltrates into the

ground.

The effectiveness of EbA measures for heat and runoff mitigation can be optimised by species selection.
This thesis only assessed one species per UGI type, however, differences between species in the
provision of heat und runoff mitigation functions (shading, evapotranspiration) have been reported by
several studies. For example, tree shading is dependent on the crown volume, geometry and LAD, which
influences solar transmissivity through the crown (e.g. Moser et al., 2015; Shashua-Bar & Hoffman,
2000). Konarska et al. (2014) showed that average transmissivity of direct solar radiation during
summertime (foliated tree crowns) ranged from 1.3 to 5.3 % depending on the tree species, which
positively correlated with LAD values. Tilia cordata had the lowest transmissivity and highest LAD,
while Prunus has the highest transmissivity. With respect to transpiration, Moser et al. (2015) found
higher rates for fully grown (> 40 years old) Tilia cordata than Robinia pseudoacacia during the
summer months. Konarska et al. (2016) supports the idea of inter-species variability in transpiration
rates, while at the same time establishing a positive relation between the transpiration rate and the
fraction of permeable surfaces, which provide trees with water. This, in turn, suggests that more
extensive permeable surfaces increase rainwater infiltration, which becomes available for

evapotranspiration (compare Table 10).
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This thesis focuses on the regulating potential of EbA measures with micro-scale benefits. EbA can also
have positive effects on a larger scale — for example a district of a city, or the whole city. Studies using
remote sensing approaches (e.g. Alavipanah et al., 2015) or meso-scale climate modelling (e.g.
Fallmann et al., 2014; Li et al., 2014) show that the UHI effect can be significantly reduced by
increasing the vegetative cover within a city, e.g. through green roofs or parks. Changes in albedo
change the radiation balance of the urban environment, and lower surface temperatures. Finally,
changes in runoff rates may reduce discharge into the sewage system, leading to a reduction in storage
capacities sewer operators are required to provide.

5.3 Multifunctionality of EbA

The importance of EbA measures in providing co-benefits for urban planning go beyond the adaptation
benefits assessed in this thesis. Almost half of the adaptation strategies that were examined for Paper 1
emphasise multiple functions. For instance, urban vegetation can support climate change mitigation by
sequestering and storing carbon emissions. Similarly, biodiversity not only provides a habitat, but also
has social and health benefits, for example by providing recreation areas, filtering air pollutants and
reducing noise pollution (Coombes et al., 2010; Demuzere et al., 2014; Hansen et al., 2016; Klemm et
al., 2015; Strohbach et al., 2013). Therefore, it is likely that other ecosystem services are provided when
EbA measures are implemented to mitigate heat or heavy rain events, which increases their
effectiveness in urban planning. This observation supports arguments for the use of EbA when multiple
demands need to be balanced, for example if social or economic requirements take priority over climatic

issues in urban planning, and needs to be given sufficient attention.

To make full use of EbA and its services, the trade-off between ecosystem services and potential
disservices needs to be considered. A trade-off occurs when one service is lost as another is gained.
Hence, if certain ecosystem services are increased, their relation to others must be understood, to avoid
any unintended negative consequences (Hansen & Pauleit, 2014). An ecosystem disservice describes
ecosystems functions that are perceived as negative for human well-being (Lyytimaki & Sipila, 2009).
In the context of EbA, this could include health problems arising from more or different vegetation,
e.g., higher pollen concentrations, damage to infrastructure such as roads, and costs related to the
implementation and management of different UGI types, e.g., maintenance costs. Ecosystem disservices
are difficult to assess as data on costs is often lacking, and negative perceptions are highly subjective
(Lyytiméki & Sipil&, 2009). For instance, Delshammar et al. (2015) evaluate citizens’ complaints about
urban greening recorded by a municipal park department, while Lyytimaki (2014) assess the
representation of vegetation disservices in newspapers. Current and future work in this field will help

to enhance the planning and management of EbA measures.
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5.4 Limitations of the modelling approach

This thesis applies a novel, quantitative modelling approach to evaluating the effectiveness of different
UGI types in mitigating heat and surface runoff. The novelty is the result of the integration of: a) two
climate change impacts; b) the evaluation of three UGI types that can be implemented as EbA measures;
c) different quantities of greening; d) current and future climate conditions; and €) the inclusion of

current planning guidelines that practitioners have to consider during implementation.

The approach consisted of microclimatic modelling (with ENVI-met) and hydrological modelling (with
MIKE SHE) and, although it proved to be well-suited to the purpose of this thesis, there are some
methodological limitations that are discussed in the following paragraphs to increase the understanding
for underlying assumptions when interpreting the presented results.

The study was designed as solely model-based without any opportunities to collect empirical input data
or to validate the modelling approaches. The lack of empirical input meant that rough estimates and
standard values taken from the literature or the integrated ENVI-met database were chosen to represent,
for example, building and surface materials. Soil characteristics are a key factor in calculating, for
example, hydraulic conductivity, and for this more detailed data was needed. Fortunately, the Munich
Water Management Office could provide data on bore holes in the area that was used to generate
sophisticated soil profiles (compare Section 3.4.4). As the research focused on the effects of UGI types,
vegetation characteristics were chosen particularly carefully. After site visits to the area, suitable
vegetation types were created based on data taken from the Albero database integrated into ENVI-met.
This database draws upon empirical data from various studies (Bruse & Environmental Modelling
Group, 2015b), including, but not limited to, studies of urban vegetation. However, it was found that
LAD values were significantly higher than those reported in Moser et al. (2015) and Sjoman et al.
(2016). Therefore, it is possible that the chosen values are overestimates when applied to trees in a dense
urban environment, which in turn could lead to a slight overestimation of, for example, transpiration
rates calculated from LAD values. Empirical measurements of LAD for trees in the study area would

clarify this issue.

The modelling approaches could be improved by collecting empirical data on heat and runoff, which
would increase the precision of input parameters and confirm the validity of the results. With respect to
heat regulation, a simple approach using temperature loggers at reference points within the case area is
a suitable validation method as presented by e.g. Skelhorn et al. (2014). For runoff regulation, one
approach is to measure surface roughness and drain level, and hence the volume of inflow into the

sewage system at reference points (Jaber & Shukla, 2012).

Both modelling techniques are complex tools that require detailed input data and demand significant
computational resources. For instance, the ENVI-met model ran for five days on an eight-core, high-

performance computer to simulate one scenario. The grid resolution and size of the study area are
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determining factors for the running time. By increasing the grid resolution from 1 m to 2 m, it could be
reduced from 11 to 5 days (compare Salata et al., 2016). Although this is not a problem for researchers,
for practitioners, who need to quickly compare different scenarios before implementation, these
approaches are too time-consuming. The initial test studies conducted at the beginning of this thesis
may offer a solution, as some of the less-sensitive input parameters can be generalised, reducing the
need to collect input data. Nevertheless, it is indispensable to develop new modelling approaches that
are able to overcome these limitations, and work has already begun. The [UC]? project on ‘Urban
Climate Under Change’, funded by the German Federal Ministry of Education and Research (BMBF)
aims to develop a new urban climate model that can provide detailed, high-resolution results, with a
user-friendly interface and low computational requirements (Scherer, 2017). Although estimates of
runoff mitigation could be based on surface and soil characteristics, which might be an easy way to
establish rough trends (Konarska et al. (2016), this is not a suitable option for heat mitigation. For
example, the heat regulating services provided by trees are closely related to the location of the tree in
the open space as Rahman et al. (2017) found for Tilia cordata trees in different urban environments.

These complex interrelations are difficult to account for in estimating approaches.

A scenario approach was adopted to enable comparisons between different UGI types, which created
other limitations. On the one hand, scenarios require the determination of assumptions regarding
additional greening, based on the available literature and applicable regulations. For example, the
technical construction of green roofs is based on guidelines provided by Ldsken et al. (2008), but it is
likely that performance could be improved by additional drainage layers or deeper substrates. The
required substrate volume for the root zone of a street tree in Munich is 36 m*® (Landeshauptstadt
Minchen, 2016b), which is high compared to other cities (for example, the standard set by the Research
Society for Landscape Development and Construction (FLL) is 12 m® (FLL, 2015)). Consequently,
water availability and transpiration rates could be overestimates compared to other cities (compare
Konarska et al., 2016). Moreover, for each UGI type only one typically used species was selected:
Norway maple as the urban tree, extensive vegetation for the green roof, and a creeper for the green
facade. All vegetation types are assumed to be fully developed and vital, and at the optimal stage to
provide ecosystem services. In reality, this optimum is only reached for short time periods, as plants
can suffer drought stress or are not yet fully grown (Gillner et al., 2015; Kjelgren & Clark, 1992; Moser
et al., 2015; Sjoman et al., 2015). Both this, and the interspecies differences discussed in Section 5.2

may have influenced the results.

Finally, the scenario approach did not address all possible UGI types and gquantities, but this was
necessarily limited by the scope of the thesis and time constraints. Future research could extend the
approach by covering more UGI types, vegetation dynamics, combinations of UGI types, and spatial

setups.
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5.5 Implications for urban planning

The results of the study are not directly applicable to the implementation of EbA measures on the
ground, but serve as an estimation of the potential for heat and runoff reduction offered by different
UGI types. They show that EbA is a valuable way to counteract projected urban climate change impacts
and reduce the vulnerability of the population and the sewage system. This quantitative assessment may
help urban planners, and others, to decide which UGI type used for EbA measures has the highest
potential to regulate either the thermal load or surface runoff, or both, in dense urban areas, when
implemented as EbA measure. Planners can select the most suitable measures that meet their strategic
needs, and decide where to locate them within the area of interest. The following summarises the most
important considerations regarding UGI types and their local implementation:

For heat mitigation, effective measures include:

- Concentrating on specific areas — so called hotspots — where pedestrians experience extreme
heat stress during hot summer days.

- Prioritizing the planting of tress in these hotspots to reduce incoming solar radiation on artificial
surfaces and increase evapotranspirative cooling in places that are frequented by pedestrians.

- Adding green facades, in particular on south-west-facing surfaces to reinforce mitigation effects
through shading building surfaces and evapotranspiration, in particular in areas where
additional trees are not an option due to building density and competing uses.

- Assessing options to increase (or protect existing) ventilation in heat-exposed areas to reduce
overheating.

- Considering of the mitigating effects of green roofs on a larger, (e.g. city) scale, by changing

roof albedo.
For runoff mitigation, effective measures include:

- Increasing stormwater storage capacity and possibilities for evapotranspiration within the area
of interest.

- Prioritizing the planting of trees to increase interception and evapotranspiration capacities, if
sufficient open space is available.

- Implementing green roofs for rainwater retention and evapotranspiration on rooftops, where

competition for open spaces is lower than at street level.

For both heat and runoff mitigation, effective measures include:

- Prioritizing which extreme climatic event has the largest impact in the area of interest and
implementing EbA measures accordingly.

- Planting trees in hotspots and along surface runoff channels.
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- Increasing the extent of permeable surfaces and the soil volume available for rooting in tree pits
to increase infiltration and evapotranspirative cooling.

- Adding green roofs to increase rainwater retention capacity, while at the same time providing
rooftop cooling.

- Assessing all the options for the implementation of EbA measures in the area of interest, as the
use of different UGI types is shown to be effective for climate change adaptation as well as

having co-benefits for urban planning.

Figure 20 merges all of these recommendations for effective heat and runoff regulation, and indicates
the most effective strategic locations for their implementation, assuming an urban morphology
consisting of perimeter blocks. In cases where there is a trade-off between heat regulation (via shading)
and ventilation (as is for example the case for the courtyard in the north-west corner of the perimeter
block), priorities have to be set based on local conditions and the tree species suitable for local

conditions.
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Figure 20: Location of EbA measures for effective climate change adaptation in a dense urban structure
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Some other issues, which are not directly derived from the results of this thesis, need to be assessed

before deciding to use certain EbA measures:

- The identification of possible locations for multifunctional EbA measures, by assessing the
availability of open space and possible competing uses (e.g. Stovin, 2010).

- The location of below-ground infrastructure (i.e. cables, sewage system, underground parking)
(e.g. FLL, 2015).

- The selection of climate-adapted vegetation, i.e. drought-tolerant species (GALK, 2012; Roloff,
2013).

- The selection of vegetation types that are suited to the location, in terms of, for example, soil
type, water availability, or exposure to stressors (FLL, 2015; Losken et al., 2008; Roloff, 2013).

- Early decision-making, as the benefits of EbA are only seen when the vegetation is fully grown.
For example, for urban trees this may be 30 years after they are planted (Sabg et al., 2005).

The here presented recommendations for urban planning fulfil two objectives: first, they allow urban
planners to prioritise different UGI types as EbA measures change depending on the local characteristics
of their area of interest and expected climate change impacts; secondly, they are backed-up by scientific
evidence, which serves as a proof of effectiveness in decision-making processes, when various interests

have to be balanced.

However, urban planners still have to bear in mind that although understanding the effectiveness of
EbA measures is a decisive factor in their implementation, it is not the only one. As the results of Paper 1
show, there is a great need to increase acceptance of EbA approaches and mainstream them into urban
planning processes. It is hence important for urban planners to consider the following aspects when

adaptation activities using EbA are planned and implemented:

- Increasing the emphasis on the importance of ecosystems and their multiple benefits for
adaptation and other fields of urban planning.

- Assessing the adaptation strategies of other municipalities and using good practice as a guide
for own development processes.

- ldentifying and applying synergies and experience from other areas of urban planning.

- Increasing the acceptance of EbA among stakeholders, for example, by adopting the term NBS
(Nesshover et al., 2017).

- Using participatory approaches to involve all relevant stakeholders (Wamsler, 2017).

- Assessing institutional processes and power relations to improve mainstreaming of EbA
(Wamsler et al., 2017).
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Transdisciplinary research efforts can support the understanding of barriers and opportunities within

municipal planning processes, and improve knowledge transfer between science and practice for

successful climate change adaptation by using the benefits of urban greening.
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6. CONCLUSION

6.1  Summary of key results

Effective climate change adaptation is indispensable for sustainable urban development and increased
urban resilience to climate change (Revi et al., 2014). In cities, where the main expected impacts are
increases in climatic extreme events like heat and heavy rain, it is particularly important to reduce the
vulnerability of the population to extreme heat, and the urban water infrastructure to heavy rain (EEA,
2012). Therefore, the recent academic and political discussion has paid particular attention to the use of
urban greening and its ecosystem services in the context of EbA at the international, European and
national levels. This thesis provides several insights into the integration of EbA into the municipal
adaptation strategies of selected German cities. This aims at increasing the understanding of the current
role of EbA in urban adaptation planning. It concludes that while the term EbA is not referred to directly,
references to the underlying components (i.e. ecosystem services, biodiversity and green infrastructure)
could be identified. Different EbA measures are included in many of the assessed adaptation strategies,
and many acknowledge the multiple benefits for urban planning. Nevertheless, the findings suggest,
and therewith support the original hypothesis, that greater awareness of the effectiveness of EbA
measures could improve decision-making and extend their integration into strategic adaptation planning

of German cities.

Based on these results, scenarios were developed to quantify the performance of EbA measures in
regulating extreme climatic events. It is the first time a study has been able to compare information on
the regulating potential of different UGI types and quantities, and the synergistic effects of EbA
measures on both heat and runoff mitigation. Under future climate conditions heat stress will reach
extreme levels, and nearly all rainfall will be discharged as surface runoff in dense urban areas. Hence,
it is imperative to enhance the implementation of EbA measures that are shown to effectively regulate
both heat and runoff. The type and quantity of UGI affects its contribution to climate adaptation. For
heat mitigation, the quality of greening has the largest effect, as trees are shown to be the most effective
measure through the provision of shading (for open spaces and building surfaces) together with
evapotranspirative cooling. Green facades can also maintain heat stress for pedestrians at current levels,
and have the advantage of lower open space requirements than trees. With respect to runoff mitigation,

increasing the quantity of green spaces and providing water storage capacities is most influential. Trees

67



CONCLUSION

can store water through interception, evapotranspiration and infiltration into pits, while the substrate of
green roofs increases retention capacity. Compared to trees, green roofs require open space on often

unused rooftops, and therefore have higher spatial potential for implementation.

The results presented here have practical implications for urban planning, notably the integration of
EbA into strategic adaptation planning, together with the strategic selection and placement of UGI types
to reduce both heat stress and surface runoff volumes. As they are backed by quantitative evidence, they
provide urban planners with sound arguments that support climate adaptation using urban ecosystem
services. Effective climate change adaptation is based on choosing the UGI type that is suited to the
local situation, and the magnitude of services provided for heat and runoff regulation. Priority needs to
be given to the type of UGI that can be implemented where it is needed. At the same time decision-
makers need to continue to improve the mainstreaming and acceptance of EbA. The approach presented
here helps to improve decision-making and the integration of EbA into urban climate adaptation

planning.

6.2 Outlook and future research

This thesis presents a novel methodological approach that improves the integration of EbA measures
into strategic urban adaptation planning by quantifying the effects of different UGI types for the
regulation of heat and surface runoff. From the results some recommendations regarding how to
implement EbA for climate adaptation are derived and discussed. The following paragraphs elaborate
on possible extensions and amplifications of the methodological approach and assessment to further

enhance the recommendations for urban planning.

Urban planners need information regarding the key factors that determine and influence the
effectiveness of EbA measures for climate change adaptation. The scenario approach presented here
offers the first comparative estimates of the adaptation potential of EbA. However, the study could be
broadened to a larger scenario setup covering more types of UGI (e.g. rain gardens), and decentralised
measures (e.g. the removal of impermeable surfaces for stormwater infiltration and changes to surface
albedo), in order to assess combinations of types, understand interdependencies, and test different
spatial preconditions (i.e. different morphology types, elevations and planting conditions). This could
be extended to a larger-scale research programme that includes the collection of empirical data for
model validation. In such a case, it would be interesting to include different species of one UGI type,

and different climates (e.g. tropical or Mediterranean).

Furthermore, the focus of the analyses could be extended. For instance, nocturnal cooling rates are very
important when studying the UHI effect and thermal comfort, as the thermal storage capacity of
artificial materials prevents cooling especially at night (Oke, 2011), which in turn increases the

population’s exposure to tropical nights (Tmin >20 °C). In addition, transpiration due to vegetation
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functions differs during the night (Konarska et al., 2016). Consequently, the nocturnal thermal load
could be included in the assessment. With respect to runoff regulation, it would be interesting to provide
information on spatial differences in surface runoff, and local flooding flashpoints. To achieve this, the
models would need to be run with a shorter temporal resolution (e.g. 15 minutes), which requires rainfall
data at this resolution. It also needs to be coupled in greater detail to the sewage system in order to be

able to project system capacities at the same temporal resolution.

The assessment of heat and runoff mitigation synergies presented in this thesis is based on the
application of two, comparable, modelling approaches that deliver comparable results on the regulating
potential of EbA measures. Both the regulation of heat stress and the regulation of surface runoff are
linked by evapotranspiration (compare Chen et al., 2011; Konarska et al., 2016). By taking a similar
approach to the calculation of evapotranspirative processes, the simulations could be technically
coupled and relevant parameters could be exchanged (i.e. evapotranspiration, soil moisture, water
availability).

Moreover, there is increasing demand for research on the multifunctionality of EbA measures. An
approach that integrates microclimatic modelling and a thermal building simulation, for example, could
provide insights into how EbA measures that are implemented outdoors affect the inside of buildings
(e.g. how indoor thermal comfort and energy demand for heating and cooling are affected by shading
building surfaces and insulating the building). Such insights can, in turn, be used to calculate CO;
emissions from buildings, and inform municipal climate mitigation efforts. Several studies have already
begun to work on this topic, but are limited by the coverage of UGI types or seasonal differences in
energy demand (e.g. Perini et al., 2017; Radhi et al., 2017; Skelhorn et al., 2016).

Finally, any scientific, or quantitative results on the climate change adaptation potential of EbA are
insufficient if this knowledge is not transferred to practitioners and used for sustainable transformation
in urban planning. There is an obvious need for greater exchange and communication with practitioners
and decision-makers in cities to understand what kind of knowledge is actually needed, and at what
point in urban planning processes. Changes to institutional frameworks could enable more inter- and

transdisciplinary research, and improve mainstreaming pathways.
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Climate change impacts are a key challenge for sustainable urban development. To address this chal-
lenge, ecosystem-based adaptation (EbA), i.e., the use of ecosystem services and biodiversity to help
people adapt to climate change, is increasingly being considered as an alternative or complement to
traditional, engineering-based approaches (increasingly also known as nature-based solutions). How-
ever, little research on ecosystem-based adaptation has been carried out in urban areas, and empirical
evidence of its effectiveness and uptake in strategic adaptation planning is particularly lacking. Against
this background, this study investigates the implementation of urban EbA in strategic adaptation plan-
ning. Based on a comparative analysis of all German municipalities with more than 100,000 inhabitants,
it examines the integration of EbA into municipal adaptation strategies. The results show that there is, so
far, no comprehensive uptake of the EbA concept. While current strategies differ significantly in their
type, structure, scope, maturity and content, overall the EbA concept remains implicit. 76% of the
assessed strategies include some kind of ecosystem-based adaptation measures, which focus on
enhancing the conservation, restoration, creation or sustainable management of ecosystems, and 25% of
all strategies highlight the multiple benefits of these measures. However, comprehensive approaches are
missing. We conclude that better policy support and comprehensive mainstreaming of EbA (e.g., through
more distributed urban governance, science-policy integration, combined top-down policies and
bottom-up activities) is urgently needed to foster sustainable urban development.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

2014). Hard approaches (grey infrastructure) refer to engineering
measures that can withstand climatic variability and extremes (e.g.

In Europe, climate change is expected to lead to increased cli-
matic variability and extremes such as heatwaves and heavy rain
(IPCC, 2014). Cities are particularly vulnerable for several reasons
(Revi et al.,, 2014), including the density of built structures, the
extent of sealed surfaces and the limited number of green spaces
(EEA, 2012; Wamsler, 2014).

Consequently, many cities are putting in place climate change
adaptation strategies that support urban planning activities and
increase resilience (Perks, 2011). The strategies can use various
forms of applied actions and activities (EEA, 2012; Noble et al,,
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levees, technical shading, irrigation systems), while soft measures
encourage adaptive behaviour by, for example, providing infor-
mation and incentives (EEA, 2012). In contrast, green infrastructure
aims at increasing urban resilience through the provision of
ecosystem services in the form of green and blue urban spaces (EC,
2009). These services provide benefits to society through
ecosystem functions (Daily, 1997; MEA, 2005).

Ecosystem-based adaptation (EbA) is the term used to refer to
ecosystem services and biodiversity that help society to adapt to
climate change impacts (CBD, 2009). Several authors have claimed
that it provides a flexible, cost-effective and broadly-applicable
approach to climate change adaptation compared to conventional
approaches (Vignola et al.,, 2009; Jones et al., 2012). Others have
argued that the adoption of EbA generates multiple co-benefits for
urban planning (Wamsler et al., 2014), such as increased biodiver-
sity (Ojea, 2015), more recreation opportunities (Doswald et al.,
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2014) and climate change mitigation (Jones et al., 2012; Noble et al.,
2014). Moreover, the concept is said to support participatory ap-
proaches, which also allows the consideration of stakeholders’
differing interests (Nesshover et al., 2017; Wamsler, 2017).

The potential contribution of EbA to effective climate change
adaptation has been addressed in the literature. However, several
reviews of current research on EbA have concluded that although
EbA has shown positive effects, a lack of knowledge about related
governance structures (Ojea, 2015; Brink et al., 2016) and the
effectiveness of current applications (Munroe et al., 2012; Doswald
et al,, 2014) have hindered its wider implementation.

In addition, research on the integration of EbA into local adap-
tation planning is still in its infancy, particularly in urban planning
(Brink et al., 2016). Geneletti and Zardo (2016) carried out an initial
analysis of the inclusion of EbA measures in adaptation plans in
European cities pioneering climate adaptation. Pathways for
mainstreaming EbA in municipal governance and at project level
have also been investigated in some case study cities in South Africa
(Pasquini and Cowling, 2014), Sweden (Wamsler et al., 2014, 2016)
and Germany (Wamsler, 2015; Wamsler and Pauleit, 2016). How-
ever, systematic analyses of how the EbA concept is integrated into
municipal adaptation strategies are lacking.

Against this background, this study expands knowledge on the
role of EbA in strategic adaptation planning. Based on a compara-
tive analysis, it examines the integration of EbA into municipal
adaptation strategies in Germany, in order to answer the following
research questions:

1) How and in which context is the EbA concept integrated into
municipal adaptation strategies?

2) What types of EbA measures can be identified?

3) Why are these measures seen as useful? What are their sug-
gested or expected benefits?

Section 2 presents the applied methodology for data collection
and analysis, which is based on a conceptual framework for
assessing EbA in strategic planning. Section 3 assesses and com-
pares the differences, synergies and gaps in the integration of EbA
into municipal adaptation strategies in Germany. The results are
then discussed in relation to practical applications of EbA and po-
tential benefits (Section 4). Finally, Section 5 highlights the key
aspects that are necessary to ensure more effective integration of
EbA into urban planning.

2. Methodology

The approach consisted of a quantitative and qualitative content
analysis (Roe, 1994), which is introduced in section 2.3. The docu-
mentation used for the analysis was based on a nationwide sample
of municipal adaptation strategies. The criteria for the analysis
were derived from the conceptual framework presented in Section
21

The geographical focus was Germany. This sample is particularly
interesting as the political discourse about EbA has here received
increasing interest in recent years. For example, the Federal Agency
for Nature Conservation has promoted EbA by publishing a review
of good, ecosystem-based practices in various sectors (Doswald and
Osti, 2011), and funded a national project on ecosystem-based
approaches for climate change mitigation and adaptation (BfN,
2012). Moreover, the use of multi-functional green spaces for
climate change adaptation was a key aspect of the Federal Gov-
ernment’s 2011 Action Plan for Climate Change Adaptation, which
provides recommendations for action at lower policy levels
(Deutsche Bundesregierung, 2011).
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2.1. Conceptual framework

Fig. 1 presents the main components of the EbA concept. These
components provided the basis for the analysis of the identified
municipal adaptation plans. The EbA concept assumes that eco-
systems provide services that help people to adapt to the impacts of
climate change (CBD, 2009; Chong, 2014). In urban areas, the term
ecosystem services refers to services provided by a network of nat-
ural and semi-natural, managed, green and blue spaces (Bolund
and Hunhammar, 1999).

There are four broad categories of ecosystem services: provi-
sioning, habitat/supporting, regulating and cultural (MEA, 2005).
Biodiversity is explicitly included in the Convention of Biological
Diversity's (CBD) definition of EbA. It is integral to the functioning
of ecosystems and falls into the category of supporting services,
which provide habitats and maintain species diversity (CBD, 2009;
TEEB, 2011). All four categories have adaptation benefits. Regu-
lating services (e.g. local temperature regulation) are considered to
directly moderate climate and hydrology (e.g. Gaffin et al., 2012; Uy
and Shaw, 2012), while the other services have indirect benefits. For
example, the provision of recreation facilities in green spaces is
considered to be a cultural service that contributes positively to
physical and mental health, while the supply of fresh water that is
stored and purified by ecosystems is deemed a provisioning service
(Foster et al., 2011; TEEB, 2011).

The term EbA measures refers to urban ecosystems that provide
services at different scales, from the individual building (e.g. green
roofs) to an entire city (e.g. green corridors) (Doswald et al., 2014;
Geneletti and Zardo, 2016). EbA measures are designed to sup-
port climate change adaptation (e.g. adaptation to heat or flooding)
through the provision of at least one ecosystem service (Doswald
et al,, 2014; Brink et al., 2016). They therefore rely on the pres-
ence of relevant green or blue urban infrastructure and concern the
conservation, restoration, creation and/or sustainable management
of ecosystems (Doswald et al., 2014). According to the presented
relations, EbA measures can be characterised in four ways:

o The aim and type of measure (e.g. the promotion of green roofs);

o The urban ecosystem/green infrastructure/ecological structure
(e.g. a park) on which the EbA measure relies;

o The ecosystem service that the measure is expected to provide
for climate change adaptation, and the climate change impact it
is designed to mitigate;

o The measure's multiple benefits, if known/mentioned.

2.2. Data collection

The analysis focused on the municipal adaptation strategies of
German cities with more than 100,000 inhabitants (Statistisches
Bundesamt, 2014), which fulfilled the following criteria:

1) The municipal adaptation strategy anticipated increased expo-
sure to heat events and/or flash floods;

2) The adaptation strategy was either stand-alone or an integral
part of a climate change mitigation or urban development
programme;

3) The strategy was publicly available in January 2015.

A total of 34 documents were identified and assessed (a list of
the documentation that was analysed is provided in Appendix A).

2.3. Data analysis

A quantitative and qualitative content analysis as described by
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Urban green and blue

Ecosystem-based
measure:
adaptation

Ecosystem services

adaptation benefits

Provisioning services ‘ Supporting services ‘

Regulating

1 Cultural services ‘

Fig. 1. The EbA concept in urban planning.

Roe (1994) and Hansen et al. (2014) addressed the first research
question (the aim and type of measure). The selected municipal
adaptation strategies were analysed regarding the presence of
certain keywords as well as their contexts. Both the keywords and
the related analysis criteria were derived from a literature review
that lead to the analytical framework presented in section 2.2. As
many different terms are used to refer to EbA, the following key-
words were used: Ecosystem-based; Ecosystem service — Envi-
ronmental service; Biodiversity — Biological diversity; Green
infrastructure — Green structure — Natural balance — Urban
ecology.

Each document was analysed to identify instances of these
keywords. The context for each keyword was also recorded and
coded. Direct references to the term ‘ecosystem-based’ were un-
derstood to be evidence of conscious uptake of the concept, while
indirect references (i.e. the use of terms describing the underlying
concepts) were understood as an indicator of a conceptual under-
standing of related objectives and benefits (Hansen et al., 2014).

In a next step, a second round of coding associated the context of
the EbA reference with a theme. Following the work of Baker et al.
(2012) on the components of adaptation plans, five themes were
identified:

1) General background: the response to climate change and defi-
nitions of terms;

2) City-specific background: municipal objectives and activities;

3) Climate change impacts on ecosystems: climate change impacts
and adaptation priorities;

4) General and potential adaptation options;

5) Specific adaptation measures: planned,
measures.

on-the-ground

The subsequent qualitative content analysis focused on specific
adaptation measures (fifth bullet point above). First, all adaptation
measures that fulfilled the EbA criteria (Section 2.1) were identified,

irrespective of whether or not they were explicitly described as EbA
measures. Second, the contextual descriptions of the identified
measures were examined to assess whether they were character-
istic of EbA measures (as described in Section 2.1).

In order to identify elements of green and blue infrastructure in
urban ecosystems, the classification developed by Bolund and
Hunhammar (1999) was used: specifically, trees, parks/lawns, ur-
ban forests, cultivated land and lakes/streams. This list was
extended to include ‘greening of buildings’, ‘street and backyard
vegetation’ and ‘strategic measures’ following later work (Benedict
and McMahon, 2006; Pauleit et al., 2011). Finally, the four broad
categories of ecosystem services (provisioning, regulating, sup-
porting and cultural) were divided into 21 individual ecosystem
services (Table 1) which can be expected to be provided by EbA
measures (TEEB, 2011; Gomez-Baggethun and Barton, 2013).

3. Results
3.1. Characteristics of municipal adaptation strategies

The 34 municipalities with an adaptation strategy included in
this analysis (Appendix A) are evenly distributed across the coun-
try, with the exception of a conglomeration of large cities in the
Ruhr area of western Germany (Fig. 2). The adaptation strategies
(Appendix A) are significantly different in terms of their type,
structure, scope and maturity. Nineteen are stand-alone policies, 14
are part of municipal mitigation strategies, and one is part of an
urban development strategy. Their length ranges from four to 350
pages.

All of the strategies were applied between 2009 and 2014, hence
following the establishment of the EbA approach on the interna-
tional agenda in 2008 (IUCN, 2008; Girot et al., 2012). They were
developed by a variety of stakeholders, including the municipality
itself (e.g. Berlin, Hamburg), external service providers (e.g. Koln,
Bonn), research institutions, or as a research project deliverable
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Table 1
Detailed list of ecosystem services (adopted from TEEB, 2011; Gomez-Baggethun
and Barton, 2013).

Classification of urban ecosystem services

Provisioning services Food supply

Raw materials supply

Fresh water supply

Medicinal resources

Urban temperature regulation

Air quality regulation

Carbon sequestration and storage

Water flow regulation and run-off mitigation
Moderation of extreme events
Waste-water treatment

Pollination

Erosion protection

Maintenance of soil fertility

Biological control

Habitat provision

Maintenance of biological diversity
Recreation

Tourism

Aesthetic appreciation

Education

Spiritual experience and sense of place, i.e.,
where ecosystems are related to spiritual values

Regulating services

Supporting services

Cultural services

Large German cities with adaptation strategies

o}

adaptation strategy

A 0 25 50 100 Kilometers
in mitigation strategy

n © GeoBasis-DE / BKG 2013, Open Street Map.
in urban development strategy

Fig. 2. Large German cities with adaptation strategies. The municipal mitigation and
urban development strategies were selected as they contained extra sections specif-
ically focusing on climate change adaptation activities.
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(e.g. Dresden, Jena).

The integration of climate change adaptation into municipal
mitigation strategies ranged from naming it as a secondary objec-
tive (e.g. Bonn) to presenting it as a stand-alone section (e.g.
Chemnitz). Overall, stand-alone adaptation strategies were more
comprehensive and detailed than others.

Regarding their content, almost all strategies identified extreme
heat events, heavy rain events, and flooding as the climate change
impacts that needed to be addressed by ecosystem-based ap-
proaches. Average temperature increases, extreme wind events,
changing precipitation regimes, decreased/increased precipitation,
and sea level rise were also found in some strategies.

3.2. Representation of the ecosystem-based approach

None of the municipalities directly used the term ‘ecosystem-
based’ to refer to their adaptation activities. However, most stra-
tegies (82%) included indirect references to the concept's underly-
ing components, reflected in the use of related keywords such as
‘ecosystem service’, ‘biodiversity’ and ‘green infrastructure’. The
keywords ‘biodiversity’ and ‘biological diversity’ were mentioned
in 68% of strategies as illustrated in Fig. 3; four strategies included
them more than 30 times each (Jena, Karlsruhe, Dresden, Saar-
briicken). The keyword ‘ecosystem service’ was found in 21% of
strategies, while ‘green infrastructure’ was found in 41%. The fre-
quency of references to those EbA-related keywords ranged from 1
to 20.

The most extensive and elaborated strategies were developed by
Jena, Karlsruhe, Dresden and Saarbriicken. The Saarbriicken strat-
egy contained most references to biodiversity, and was the only
example of adaptation strategy that was integrated into an urban
development programme (i.e. nature conservation plays an
important role in a broader document).

With respect to the five themes identified in Section 2.3, the
context analysis showed that almost half of the keywords (47%)
appeared in the section of the documentation focused on specific
adaptation measures, while the other half were relatively evenly
distributed across the other four themes. With respect to individual
keywords, in all cases, most references to EbA related to specific
adaptation measures, while ‘biodiversity’ was also frequently
included in the context of climate change impacts (Fig. 4).

Regarding the effectiveness of EbA measures, only Berlin and
Koln attempted to quantify their impact through microclimate
simulations that showed a reduction in air temperature as a result
of implementing greening programmes (e.g. street trees or facade
greening) (Senatsverwaltung fiir Stadtentwicklung Berlin, 2011;
Grothues et al., 2013).

3.3. EbA measures in municipal adaptation strategies

Fig. 5 shows that the percentage of EbA measures compared to
all adaptation measures included in municipal adaptation strate-
gies varied considerably. Many cities provided a comprehensive list
of planned adaptation measures (ranging from 0 to 157) together
with more-or-less detailed explanations. For instance, the city of
Jena has developed a strategic document that provides 118 detailed
descriptions of measures; Karlsruhe listed 157, and Dresden 74
adaptation measures in their respective strategies. In contrast,
three of the 34 cities did not include any planned adaptation
measures (Oberhausen, Bonn, Essen), while another five cities
referred to conventional adaptation measures, but did not list
ecosystem-based measures (Essen, Wuppertal, Halle (Saale), Erfurt,
Wiirzburg).

Even though none of the assessed climate change adaptation
strategies refer directly to the EbA concept, 76% of them referred to
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Fig. 3. Frequency of references to EbA-related keywords in municipal adaptation strategies (n = 34). As the keyword ‘ecosystem-based' was not found, it is not included.

EDbA related measures as introduced in the analytical framework.
The percentage of EbA measures compared to conventional,
engineering-based measures ranged from 15 to 100%. In three cit-
ies, all adaptation measures could be linked to EbA: Munich (in-
tegrated into a mitigation strategy), and Bremen and Miilheim
(stand-alone adaptation strategies). In 12 cities EbA measures were
evenly distributed (26—50%) compared to all adaptation measures.

An analysis of the characteristics of the 363 EbA measures that
were identified led to their classification into four categories:
conservation, restoration, sustainable management and creation of
ecosystems. Ecosystem creation was mentioned most frequently
(39%) and included all measures that suggested an increase in ur-
ban greening (e.g. tree planting or installing green roofs and fa-
cades) (Table 2). Many measures referred to the sustainable
management of ecosystems, which involves the development of
connected habitats, sustainable irrigation practices in public green
spaces, or choosing climate-robust plant species (Doswald et al.,
2014). Sixty-one measures can be assigned to more than one
category (Table 2).

The urban ecosystems used or created by EbA measures ranged
from green buildings to urban forests (Table 2). Parks/lawns was the
most frequently-used ecosystem (93 instances) for individual

measures. Strategic measures, which do not focus on improving a
single ecosystem, were the second-largest group. They represent a
strategic approach to improving the ecosystems of an entire city. In
contrast, greening of buildings (19 instances) was the least-
frequently-used measure. This structure focuses specifically on
green roofs and facades, unlike more general ecosystems that cover
a large range of activities such as street and backyard greening or
adding parks/lawns. A total of 27 of measures were related to more
than one urban ecosystem (e.g. conservation and development of
connected green, garden and forest spaces, and the greening of
backyards, roofs and facades).

Regarding the expectations for integrating EbA measures into
adaptation strategies, 14 of the 21 individual ecosystem service
categories were mentioned (Fig. 6). Regulating services were cited
most often (303 instances). Among these services, ‘urban temper-
ature regulation’ was used 121 times to refer to measures such as
the conservation of fresh air corridors and greening facades. ‘Run-
off mitigation’ was achieved by, for example, greening roofs and
unsealing impervious surfaces (54 instances), while ‘moderation of
extreme events' through, for example, climate-adapted species
selection was used 59 times.

Supporting services were the second-largest group. There were
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Fig. 4. Themes associated with EbA-related keywords.

13 instances of ‘habitat provision’ and 38 instances of ‘maintenance
of genetic diversity’. Cultural and provisioning services were also
mentioned, but to a lesser extent. The provision of recreation op-
portunities such as the enhancement of green spaces was referred
to 16 times and is the most relevant service in the two groups.
Seven ecosystem services (food supply, raw material supply, me-
dicinal resources, waste-water treatment, pollination, tourism, and
spiritual experience and sense of place) were not mentioned in any
of the adaptation strategies (Fig. 6).

The number of ecosystem services referred to per municipality
is shown in Appendix B. An average of 11 (mainly regulating)
ecosystem services were mentioned and this service was referred
to most frequently in almost all cities. Miilheim was the only
exception; it mentioned supporting and cultural services, but not
regulating services. In cases where no instances were recorded, no
adaptation or EbA measures were identified.

The strategies of Jena, Dresden and K6ln mentioned ecosystem
services as objectives for their measures most frequently (41, 38
and 31 times, respectively) and listed many EbA measures (37, 23
and 43 measures, respectively). Although the Duisburg strategy
included most references to EbA measures (62), it referred to in-
dividual ecosystem services less often (22).

In approximately 25% of cases, one reason for implementing
individual EbA measures was the provision of a multitude of
benefits. In most cases this concerned the provision of a regu-
lating service, together with up to three other types of ecosystem
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service. For example, Duisburg expected a reduction in the extent
of sealed surfaces to lead to a reduction in urban temperature
and run-off, the maintenance of soil fertility and securing fresh
water supplies.

With respect to individual adaptation strategies, 48% included
EbA measures that had multiple objectives. For example, Bremen
listed five, multi-objective measures, aimed at climate change
adaptation and mitigation, maintaining soil fertility, carbon
sequestration and storage. Similarly, Munich's mitigation strat-
egy included several adaptation measures that were aimed at
carbon storage, recreation facilities and climate change education
(including mitigation and adaptation). Dresden's strategy con-
tained the most multi-benefit EbA measures in absolute terms.

4. Discussion

Our results and their comparison with other literature highlight
key patterns in the use of EbA in current municipal adaptation
strategies. The following sections discuss their benefits and
implications.

4.1. EbA in strategic adaptation planning

Consistent with Pasquini and Cowling (2014) and Wamsler et al.
(2016), this study found that the EbA concept and terminology has
not yet been disseminated to the local policy level. Nevertheless,
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Table 2
Types of EbA measures and the ecosystems they use/create.

Type of EbA measure Total number

Ecosystem conservation 7
Ecosystem restoration 29
i of ec 125
Ecosystem creation 142
Number of measures falling into more than one category 61
Type of ecosystem used by measure
Urban forests 26
Cultivated land 16
Parks/lawns 93
Trees 36
Street and backyard vegetation 39
Greening of buildings (green roofs and facades) 19
Blue infrastructure (e.g. lakes, streams) 23
Strategic measures 82
Number of measures falling into more than one category 27

most of the analysed strategies included indirect references to the
underlying principles of EbA (ecosystem services, biodiversity and
green infrastructure), indicating a general understanding of the
concept.

There is a lack of attention given to the underlying concept of
ecosystem services. This relates to the fact that it is a recent
development and that some aspects of it (e.g. monetarisation) have
been criticised by municipal staff (Wamsler, 2015). Other potential
reasons include the co-existence of ‘older’ concepts, such as ‘green
infrastructure’, ‘landscape’ or ‘ecological functions’ (Albert et al.,
2012). Unlike other countries, e.g. Sweden, ecosystem services do
not seem to be the main driver for mainstreaming EbA into
municipal planning and governance in Germany (Wamsler, 2015;

Wamsler and Pauleit, 2016).

Interestingly, the term ‘ecosystem service’ received less
attention than the term ‘biodiversity’. This is consistent with
studies in other countries, where biodiversity has been found to
be the driver of EbA approaches (Wamsler et al., 2016). The
importance given to biodiversity in Germany is probably also
related to the fact that the country expects climate change to
have severe impacts on biodiversity in the near future
(Mosbrugger et al, 2013). The city of Stuttgart, for example,
states that biological diversity is particularly threatened by
climate change and that negative effects, such as species distri-
bution and behaviour modification, are already noticeable (Amt
fiir Umweltschutz Stuttgart, 2013).

This study also shows that the EbA concept is more widely un-
derstood in the research community than in municipal adminis-
trations or private companies (the authors of the assessed
adaptation strategies). This supports findings of other studies from
South Africa and Germany, which reveal that advances in EbA
integration are more often found in cities where climate change
adaptation research is being carried out (Pasquini and Cowling,
2014; Wamsler, 2015). In this study, Dresden's strategy contained
the most references to ecosystem services, which might be due to
the fact that its adaptation strategy is the product of a large
research project entitled ‘REGKLAM' (REGKLAM-Konsortium,
2013).

Furthermore, the variation in the percentage and type of mea-
sures found in adaptation strategies suggests that a consistent and
comprehensive approach to their selection and integration does
not yet exist. In Germany, there is currently no legal requirement to
develop an urban adaptation strategy, or official guidelines on how
to do it. Existing strategies are therefore the result of voluntary
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efforts. This has resulted in a wide array of approaches, and
different types of strategies and measures, with different scope (cf.
Geneletti and Zardo, 2016).

These findings suggest that clearer guidance and an emphasis
on the importance of ecosystems for climate change adaptation is
needed in Germany to promote the integration of EbA into urban
adaptation planning (Deutsche Bundesregierung, 2011; Pramova
et al,, 2012; Hansen et al., 2014; Noble et al., 2014). Efforts are
currently underway in 22 of the 44 national adaptation pro-
grammes included in the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change (IPCC) (Pramova et al.,
2012; Noble et al., 2014) and EbA is an explicit aim of the German
National Adaptation Strategy (Deutsche Bundesregierung, 2011).

4.2. Benefits of EbA

This study indicates that local climate regulation is the most
frequently named criteria when selecting adaptation strategies and
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EbA measures, which highlights its importance in practice. This is
consistent with the projected climate change impacts of extreme
weather events in Germany (Deutsche Bundesregierung, 2008;
DWD, 2015). In contrast, urban planning documents tend to focus
on supporting services (Hansen et al., 2014). Furthermore, from the
groups of provisioning and cultural ecosystem services recreation
opportunities are referred to most often. This illustrates that
enhancing green infrastructure for climatic purposes creates more
recreational facilities and provides a space where citizens can rest
during extreme events, e.g. hot summer days.

Almost half of the adaptation strategies that were examined
emphasised the multiple functions of EbA. While non-EbA mea-
sures have one adaptation benefit (e.g. mechanical shadowing or
changing surface albedo), they rarely provide several benefits (EEA,
2012). Our results underline the need for more studies that provide
(quantitative) evidence of the multiple benefits (for both adapta-
tion and other areas of urban planning) of EbA (Doswald et al.,
2014). The assessment of multi-functionality in urban planning



974 T. Zolch et al. / Journal of Cleaner Production 170 (2018) 966—-977

processes must go beyond a simple ‘summing up’ of services in
order to identify or avoid potential trade-offs (Hansen and Pauleit,
2014).

While cost effectiveness is often cited as a benefit of EbA,
compared to technical adaptation measures (Jones et al., 2012;
Noble et al., 2014), it was rarely addressed in the documentation.
Very little information was provided on the expected costs of the
implementation and financing of measures. Exceptions include
Munich, which provides approximate costs and Jena, which pro-
vides estimates of expenditure (Kurmutz et al.,, 2012; RGU, 2012).

Focusing on the cost—benefit ratio of EbA measures presented in
the literature, Doswald et al. (2014) showed that many measures
perform positively when social, environmental and economic
benefits are considered. This can be compared to cost—benefit an-
alyses of technical adaptation measures, which are even rarer (e.g.
Wang et al,, 2014). Regarding the economic valuation of natural
goods, Troltzsch et al. (2012) found that a lack of data makes it
difficult to compare the costs and benefits of climate change
adaptation measures across sectors.

4.3. Implementation of EbA

A prerequisite for the implementation of EbA measures is that
the importance of ecosystem services in effective climate change
adaptation is acknowledged and disseminated into municipal
adaptation strategies (Naturkapital Deutschland, 2014). The stra-
tegies examined here acknowledge this by indirectly referring to
ecosystem services. The establishment of an adaptation strategy
can, in itself, be seen as an integral part of mainstreaming EbA into
municipal planning and governance (Wamsler, 2014, 2015), asitisa
strategic tool for the systematic integration and implementation of
related strategies and measures. All of the cities included in this
analysis have advanced EbA mainstreaming by establishing adap-
tation strategies that promote sectoral integration, and many of
them also include specific action plans for local EbA. However, the
actual translation of proposed measures into practice requires a
comprehensive mainstreaming approach at all levels (local, insti-
tutional and inter-institutional), including the establishment of
related mechanisms and structures for monitoring, evaluation and
learning.

5. Conclusions and recommendations

Given the growing importance of EbA in the context of urban
planning at the international (Noble et al., 2014), European (EC,
2015), national and local levels (BfN, 2012), this comparative
analysis provides timely insights into the integration of EbA into
municipal adaptation strategies. While the EbA concept was not
referred to directly in the analysed adaptation strategies, references
were made to the concept's underlying components. Most refer-
ences to EbA were included in the strategies’ sections that focus on

planned adaptation measures. This indicates an emerging recog-
nition that the support of ecosystem services and biodiversity is
relevant when implementing urban adaptation planning. 76% of the
analysed strategies mentioned at least some kind of EbA measure.
However, the ratio of EbA to conventional adaptation options was
often low and varied significantly (from 15 to 100%). Only 25% of all
strategies highlighted the multiple benefits of EbA, indicating that
this aspect is not (yet) seen as an important implementation cri-
terion. Finally, the conceptual framework presented here has
proven to be useful in identifying key patterns in the use of EbA in
current municipal adaptation strategies in Germany and its com-
parison to other geographical contexts.

In sum, this study shows that the successful translation of EbA
measures into strategic adaptation planning and practice needs
further mainstreaming at all levels. It is concluded that better
promotion of the EbA concept (e.g. through more distributed ur-
ban governance, enhancing top-down policy support, bottom-up
activities and science-policy integration) is urgently needed for
comprehensive mainstreaming that fosters sustainable develop-
ment. In fact, the systematic integration of the concepts of
ecosystem services and EbA in urban planning requires both
greater support from high policy levels and more involvement and
cooperation of different stakeholders. Pilot projects and bottom-
up initiatives can enhance the uptake of EbA in adaptation stra-
tegies and planning, but more research is needed to assess both
the benefits and the cost-effectiveness of EbA compared to other
adaptation options. Finally, monitoring and learning from the
mainstreaming and implementation of EbA in both strategic
planning and operation is crucial. Only then can EbA become a
relevant alternative to conventional adaptation approaches, and a
key pathway to effective and sustainable climate change
adaptation.
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Appendix A. Adaptation strategies published by German cities

City Type of adaptation strategy Publisher Year Name

Berlin standalone Senatsverwaltung fiir Stadtentwicklung und 2011 Stadtentwicklungsplan Klima - Urbane
Umwelt, Berlin Lebensqualitat im Klimawandel sichern
Senatsverwaltung fiir Stadtentwicklung und 2013 Klimaanpassung fiir Berlin - MaBnahmen und
Umwelt, Berlin Beispiele

Hamburg standalone Senat der freien und Hansestadt Hamburg 2013 Aktionsplan Anpassung a den Klimawandel

Miinchen in mitigation strategy Referat fiir Gesundheit und Umwelt, 2010 IHKM — Integriertes Handlungsprogramm
Landeshauptstadt Miinchen Klimaschutz in Miinchen
Referat fiir Gesundheit und Umwelt, 2013 IHKM Klimaschutzprogramm 2013

Landeshauptstadt Miinchen
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City Type of adaptation strategy Publisher Year Name
Koln standalone Landesamt fiir Natur, Umwelt und 2013 Klimawandelgerechte Metropole Koln -
Verbraucherschutz, Nordrhein- Abschlussbericht, LANUV Fachbericht 50
Westphalen
Frankfurt am Main standalone Stadt Frankfurt, Koordinierungsgruppe 2014 Frankfurter Anpassungsstrategie a den
Klimawandel Klimawandel
Stuttgart standalone Landeshauptstadt Stuttgart, Amt fiir 2013 Kli 1del-Anp Stuttgart
Umweltschutz, Abteilung KLIMAKS
Stadtkli ie in Verbind mit
Kommunikation
Dortmund standalone Ministerium fiir Klimaschutz, Umwelt, 2011 Handbuch Stadtklima - MaBnahmen und
Landwirtschaft, Natur- und Handlungskonzepte fiir Stadte und
Verbraucherschutz des Landes Nordrhein- Ballungsraume zur Anpassung a den
Westphalen Klimawandel
Essen in mitigation strategy Stadt Essen 2009 Integriertes Energie- und Klimakonzept der
Stadt Essen - Unsere Stadt, unser Klima
Bremen standalone Senator fiir Umwelt, Bau und Verkehr der freien 2012 SUBV Fachkonzept Klimawandel in Bremen -
Hansestadt Bremen Folgen und Anpassung
Dresden standalone REGKLAM Konsortium 2013 Integriertes Regionales
Klimaanpassungsprogramm fiir die Region
Dresden - Grundlagen, Ziele und MaRnahmen
L P _ — rategie zum Kli el -
Informationen zu den Folgen des Klimawandels
fiir die Stadt Hannover und die daraus
resultierenden notwendigen
Anpassungsmanahmen
Niirnberg standalone Umweltamt der Stadt Niirnberg 2012 Handbuch Klimaanpassung - Bausteine fiir die
Niirnberger Anpassungsstrategie
Duisburg standalone Stadt Duisburg 2013 Kli 1delar rategie fiir Duisburg
Bochum standalone Steinriicke, Monika (Geographisches Institut 2012 Klimaanpassungskonzept Bochum
der Ruhr-Universitat Bochum),
Stadt und Bauord nt der Stadt
Bochum
Wuppertal standalone - - Anpassungsstrategie der Wuppertaler
Stadtentwdsserung a die Folgen des
Klimawandels
Bonn in mitigation strategy Gertec GmbH Ingenieursgesellschaft 2013 Integriertes Klimaschutz- und
Anpassungskonzept
Karlsruhe standalone Umwelt- und Arbeitsschutz, Stadt Karlsruhe 2013 Anpassung a den Klimawandel -
Bestandsaufnahme und Strategie fiir die Stadt
Karlsruhe
Gelsenkirchen in mitigation strategy Stadt Gelsenkirchen 2011 Integriertes Klimaschutzkonzept
Abschlussbericht
Chemnitz in mitigation strategy Stadt Chemnitz 2013 Integriertes Klimaschutzprogramm fiir die Stadt
Chemnitz, detaillierte Fassung
Halle (Saale) in mitigation strategy Stadt Halle 2013 Integriertes kommunales Klimaschutzkonzept
Oberhausen in mitigation strategy Wauppertal Institut fiir Klima, Umwelt und 2012 Energie- und Klimaschutzkonzept fiir die Stadt
Energie, EEB Enerko Oberhausen, Abschlussbericht
Erfurt in mitigation strategy Umwelt- und Naturschutzamt, 2012 Klimaschutz in Erfurt - Leitbild, Ziele und
Klimaschutzkoordinator, Landeshauptstadt Handlungskonzept
Erfurt
Rostock standalone Amt fiir Umweltschutz der Stadt Rostock 2012/13 Rahmenl zur / aden
Kli 1del in der } dt Rostock
Saarbriicken in urban development Dezernats- und dmteriibergreifende 2011 Stadtebauliches Entwicklungskonzept fiir die
strategy Arbeitsgruppe unter Federfiihrung des Landeshauptstadt Saarbriicken
Baudezernats, Landeshauptstadt Saarbriicken
Miilheim a. d. Ruhr in mitigation strategy Stadt Miihlheim a der Ruhr 2011 Klimazone Miihlheim a der Ruhr -
Handlungsansatze und Leitgedanken zu
Klimaschutz und Klimaanpassung
Potsdam in mitigation strategy Landeshauptstadt Potsdam 2010 Gutachten zum Integrierten
Klimaschutzkonzept
Solingen standalone Stadt Remscheid 2013 KlimaschutzTeilkonzept ..Anpassung a den
Klimawandel fiir die Stadte Solingen und
Remscheid*
Darmstadt in mitigation strategy Institut Wohnen und Umwelt GmbH, memo 2013 Integriertes Klimaschutzkonzept fir die
consulting Wissenschaftsstadt Darmstadt
Wiirzburg in mitigation strategy B.A.U.M. Consult GmbH 2012 Integriertes Klimaschutzkonzept fiir die Stadt
Wiirzburg
Offenbach am Main in mitigation strategy Stadt Offenbach am Main 2010 Integriertes Klimaschutzkonzept Endbericht
Bottrop standalone Ministerium fiir Klimaschutz, Umwelt, 2011 Handbuch Stadtklima - MaBnahmen und
Landwirtschaft, Natur- und Handlungskonzepte fiir Stadte und
Verbraucherschutz des Landes Nordrhein- Ballungsraume zur Anpassung a den
Westphalen Klimawandel
Recklingh tandal Stadt Recklinghausen 2012 Integriertes Klimaschutzkonzept der Stadt
Reckli: 1, Abschlussbericht
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(continued)
City Type of adaptation strategy ~ Publisher Year Name
Remscheid standalone Stadt Remscheid 2013 KlimaschutzTeilkonzept , Anpassung a den
Klimawandel fiir die Stadte Solingen und
Remscheid”
Jena standalone ThINK - Thiiringer Institut fiir Nachhaltigkeit 2012 Handbuch Klimawandelgerechte

und Klimaschutz

ThINK - Thiiringer Institut fiir Nachhaltigkeit 2013

und Klimaschutz

Stadtentwicklung fiir Jena - EXWoSt
Modellprojekt - Jenaer
Klimaanpassungsstrategie JenKAS
Gesamtkatalog der Handlungsempfehlungen
zum Handbuch einer kli del.
Stadtentwicklung in Jena

echten

Appendix B. Number and type of ecosystem services
underlying EbA measures in adaptation strategies

an
35
30
2
glb
8
20 o
15
10 i | |
5 II
0
SN SR S S CAPC I R R S
8 ¢ @ F F S g S DS
& F &S S & & &
F&T TEFG CE I T

®Provisioning MRegulating = Supporting M Cultural

References

Albert, C., von Haaren, C, Galler, C,, 2012. (Ecosystem services - old wine in new
skins or a impulse for landscape planning?) Okosystemdienstleistungen- Alter
Wein in neuen Schlauchen oder ein Impuls fiir die Landschaftsplanung?
Naturschutz Landschaftsplan. 44, 142—148.

Amt fiir Umweltschutz Stuttgart, 2013. (Adaptation strategy to climate change of
Stuttgart KLIMAKS) Klimawandel-Anpassungskonzept Stuttgart KLIMAKS,
Schriftenreihe des Amtes fiir Umweltschutz. Landeshauptstadt Stuttgart,
Stuttgart,

Baker, L., Peterson, A., Brown, G., McAlpine, C., 2012. Local government response to
the impacts of climate change: an evaluation of local climate adaptation plans.
Landsc. Urban Plan. 107, 127—136.

Benedict, M.E., McMahon, E.T., 2006. Green infrastructure: linking landscapes and
communities. Landsc. Ecol. 22, 797—-798.

Bolund, P, Hunhammar, S., 1999. Ecosystem services in urban areas. Ecol. Econ. 29,
293-301.

Brink, E., Aalders, T, Adam, D., Feller, R., Henselek, Y., Hoffmann, A, Ibe, K., Matthey-
Doret, A., Meyer, M., Negrut, N.L,, Rau, A.-L., Riewerts, B., von Schuckmann, L.,
Tornros, S., von Wehrden, H., Abson, D.J., Wamsler, C,, 2016. Cascades of green: a
review of ecosystem-based adaptation in urban areas. Glob. Environ. Change 36,
111-123.

Bundesamt fiir Naturschutz (BfN), 2012. (Ecosystem-based approaches to climate
adaptation and mitigation in the German-speaking region - BfN project)
Okosystembasierte Ansatze zur Klimaanpassung und zum Klimaschutz im
deutschsprachigen Raum - BIN Projekt, Bonn, Germany.

Chong, ]., 2014. Ecosystem-based approaches to climate change adaptation:

progress and challenges. Int. Environ. Agreements 14, 391—405.

Daily, G.C., 1997. Nature's Services. Societal D dence on Natural Ecc
Island Press, Washington, DC.

Deutsche Bundesregierung, 2008. (German Adaptation Strategy to Climate Change)
Deutsche Anpassungsstrategie an Den Klimawandel, Berlin.

Deutsche Bundesregierung, 2011. (Action plan of the German adaptation strategy to
climate change) Aktionsplan Anpassung der Deutschen Anpassungsstrategie an
den Klimawandel.

Deutscher Wetterdienst (DWD), 2015. (German Atlas of Climate) Deutscher Kli-
maatlas. Deutscher Wetterdienst (DWD), Offenbach, Germany.

Doswald, N., Munroe, R., Roe, D., Giuliani, A., Castelli, 1., Stephens, J., Moller, L.,
Spencer, T., Vira, B., Reid, H., 2014. Effectiveness of ecosystem-based approaches
for adaptation: review of the evidence-base. Clim. Dev. 6, 185—201.

Doswald, N., Osti, M., 2011. Ecosystem-based Approaches to Adaptation and Miti-
gation — Good Practice Examples and Lessons Learned in Europe. BfN-Skripten.
Bundesamt fiir Naturschutz, Bonn,

European Commission (EC), 2009. White paper: Adapting to Climate Change: to-
wards a European Framework for Action, European Commission, Brussels.
European Commission (EC), 2015. Towards an EU Research and Innovation Policy
Agenda for Nature-based Solutions & Re-naturing Cities. Final Report of the
Horizon 2020 Expert Group on ‘Nature-based Solutions and Re-naturing Cities'
Directorate-general for Research and Innovation. European Union, Luxembourg.

European Environmental Agency (EEA), 2012. Urban Adaptation to Climate Change
in Europe - Challenges and Opportunities for Cities Together with Supportive
National and European Policies. EEA report. EEA.

Foster, J., Lowe, A., Winkelman, S., 2011. The Value of Green Infrastructure for Urban
Climate Adaptation. Center for Clean Air Policy, Washington, D.C., USA.

Gaffin, S.R., Rosenzweig, C., Kong, A.Y.Y., 2012. Adapting to climate change through

96



T. Zolch et al. / Journal of Cleaner Production 170 (2018) 966—977 977

urban green infrastructure. Nat. Clim. Change 2, 704-704.

Geneletti, D., Zardo, L., 2016. Ecosystem-based adaptation in cities: an analysis of
European urban climate adaptation plans. Land Use Policy 50, 38—47.

Girot, P., Ehrhart, C., Oglethorpe, J., 2012. Integrating community and ecosystem-
based approaches in climate change adaptation responses. In: ELAN.

Gomez-Baggethun, E., Barton, D.N., 2013. Classifying and valuing ecosystem ser-
vices for urban planning. Ecol. Econ. 86, 235—245.

Grothues, E., Kollner, B., Ptak, D., Dalelane, C, Deutschlander, T,, Ertel, H., Hafer, M.,
Halbig, G., Kesseler-Lauterkorn, T., Koch, C., KoBmann, M., Malitz, G., Roll, O.,
Schmitt, A., Weigl, E., Winterrath, T,, Hartwig, C., Wieczorrek, Y., Riising, F.,
Schwerdorf, 1., 2013. (Climate Proof Metropolis of Cologne, Final Report) Kli-
mawandelgerechte Metropole Koln, Abschlussbericht, Fachbericht 50. Land-

infrastructure planning to promote ecological services in the city. In:
Niemela, ]., Breuste, ., Guntenspergen, G., McIntyre, N., Elmqvist, T., James, P.
(Eds.), Urban Ecology: Patterns, Processes, and Applications. Oxford University
Press, Oxford, pp. 272-286.

Perks, J., 2011. Adaptation strategies for european cities - final Report. In: Ricardo-
AEA (Ed.), European Commission - Directorate General for Climate Action.
Pramova, E., Locatelli, B., Brockhaus, M., F i S., 2012. Ecosy services in

the national adaptation programmes of action. Clim. Policy 12, 393-409.
Referat fiir Gesundheit und Umwelt der Landeshauptstadt Miinchen (RGU), 2012.
(IHKM - Integrated Program of Action for Mitigation in Munich. Mitigation
Strategy 2013. Catalogue of Action) IHKM - Integriertes Handlungsprogramm
Khmaschu[z in Miinchen. Klimaschutzprog 2013. MaRBnah g

esamt fiir Natur, Umwelt und Verbraucherschutz Nordrhein-Westfalen,
Recklinghausen.

Hansen, R, Frantzeskaki, N., McPhearson, T, Rall, E., Kabisch, N., Kaczorowska, A.,
Kain, J.-H., Artmann, M., Pauleit, S., 2014. The Uptake of the Ecosystem Services
Concept in Planning Discourses of European and American Cities. Ecosystem
Services.

Hansen, R., Pauleit, S., 2014. From multifunctionality to multiple ecosystem Ser-
vices? A conceptual framework for multifunctionality in green infrastructure
planning for urban areas. AMBIO 43, 516—529.

Intergovernmental Panel on Climate Change (IPCC), 2014. Climate Change 2014~
Synthesis Report - Summary for Policy Makers. IPCC.

International Union for Conservation of Nature (IUCN), 2008. Ecosystem-based
Adap[atlon an Approach for Building Resilience and Reducing Risk for Local

ies and Ecosy LA S ission by IUCN to the Chair of the AWG-
LCA with Respect to the Shared Vision and Enhanced Action on Adaptation.
UNFCCC.

Jones, H.P, Hole, D.G., Zavaleta, E.S., 2012. Harnessing nature to help people adapt to
climate change. Nat. Clim. Change 2, 504—509.

Kurmutz, U., Gude, M., Maercker, J Knopf, D., Knetsch, S., 2012. (Catalogue of
recommended actions to the line climate-proof urban d for
Jena) Gesamtkatalog der Handlungsempfehlungen zum Handbuch Klima-
wandelgerechte Stadtentwicklung fiir Jena, Schriften zur Stadtentwicklung.
ThINK - Thiiringer Institut fiir Nachhaltigkeit und Klimaschutz GmbH, Jena.

Millennium Ecosystem Assessment (MEA), 2005. Ecosystems and Human Well-
being. Synthesis, Washington, DC.

Mosbrugger, V., Brasseur, G., Schaller, M., Stribryny, B., 2013. (Climate change and
biodiversity. Impacts for Germany) Klimawandel und Biodiversitdt. Folgen fiir
Deutschland. WBG, Darmstadt.

Munroe, R, Roe, D. Doswald, N, Spencer, T, Moller, I, Vira, B, Reid, H.,
Kontoleon, A., Giuliani, A., Castelli, I, Stephens, J., 2012. Review of the evidence
base for ecosystem-based approaches for adaptation to climate change. Envi-
ron, Evid. 1,13,

Naturkapital Deutschland (TEEB DE), 2014. (Natural capital and climate policy -
synergies and conflicts. summary for decision makers) Naturkapital und Kli-
mapolitik - Synergien und Konflikte. Kurzbericht fiir Entscheidungstrager.
Technische Universitat Berlin. Helmholtz-Zentrum fiir Umweltforschung - UFZ,
Leipzig.

Nesshover, C, Assmuth, T, Irvine, K.N., Rusch, G.M., Waylen, KA., Delbaere, B.,
Haase, D., Jones-Walters, L., Keune, H., Kovacs, E., Krauze, K., Kiilvik, M., Rey, E,
van Dijk, J., Vistad, O.L, Wilkinson, M.E., Wittmer, H., 2017. The science, policy
and practice of nature-based solutions: an interdisciplinary perspective. Sci.
Total Environ. 579, 1215-1227.

Noble, LR, Hug, S., Anokhin, Y.A., Carmin, ], Goudou, D., Lansigan, FP., Osman-
Elasha, B., Villarmizar, A., 2014. Adaptation needs and options. In: Field, C.B.,
Barros, V.R,, Dokken, D.J., Mach, K.J., Mastrandrea, M.D,, Bilir, T.E., Chatterjee, M.,
Ebi, KL, Estrada, Y.O., Genova, RC., Girma, B. Kissel, ES. Levy, AN.,
MacCracken, S., Mastrandrea, P.R., White, LL. (Eds.), Climate Change 2014:
Impacts, Adaptation and Vulnerability. Part a: Global and Sectoral Aspects.
Contribution of Working Group II to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge University Press, Cam-
bridge, UK and New York, NY, USA.

Ojea, E., 2015. Chall for st i based Adaptation into the
international climate agenda. Curr. Opm Env:ron Sustain. 14, 41-48.

Pasquini, L, Cowling, R., 2014. Opportunities and challenges for mainstreaming
ecosystem-based adaptation in local government: evidence from the Western
Cape, South Africa. Environ. Dev. Sustain 1-20.

Pauleit, S., Liu, L, Ahern, ], Kasmierczak, A, 2011. Multifunctional green

97

L 1 adt Miinchen, Miinchen, Germany.

REGKLAM-Konsortium (Hrsg), 2013. (Integrated climate change adaptation strategy
for the Dresden region. Background, objectives and measures) Integriertes
Regionales Klimaanpassungsprogramm fiir die Region Dresden. Grundlagen,
Ziele und MaBnahmen, REGKLAM-Publikationsreihe, Berlin.

Revi, A., Satterthwaite, D.E., Aragon-Durand, F. Corfee-Morlot, D., Kiunsi, RBR.,
Pelling, M., Roberts, D.C, Solecki, W., 2014. Urban areas. In: Field, CB,
Barros, V.R., Dokken, D.J., Mach, K.J., Mastrandrea, M.D., Bilir, T.E., Chatterjee, M.,
Ebi, KL, Estrada, Y.0. Genova, RC, Girma, B., el, ES. Levy, AN,
MacCracken, S., Mastrandrea, P.R., White, LL (Eds.), Climate Change 2014:
Impacts, Adaptation and Vulnerability. Part a: Global and Sectoral Aspects.
Contribution of Working Group I to the Fifth Assessment Report of the Inter-
governmental Panel on Climate Change. Cambridge University Press, Cam-
bridge, UK and New York, NY, USA.

Roe, E., 1994. Narrative Policy Analysis: Theory and Practice. Duke University Press,
Durham, NC.

Secretariat of the Convention on Biological Diversity (CBD), 2009. Connecting
Biodiversity and Climate Change Mitigation and Adaptation: Report of the
Second Ad Hoc Technical Expert Group on Biodiversity and Climate Change.
Technical Series No.41, Montreal, p. 126.

Senatsverwaltung fiir Stadtentwicklung Berlin, 2011. (Municipal development
strategy for climate - ensuring urban quality of life under climate change)
Stadtentwicklungsplan Klima. Urbane Let litat im Klinr del sichern,
Berlin.

Statistisches Bundesamt, 2014. (Number of inhabitants of German large cities, as of
december 31, 2012) Einwohnerzahlen der GroRstidte Deutschlands. Stand
31.Dezember 2012, Statista.

TEEB, 2011. The Economics of Ecosystems and Biodiversity. TEEB Manual for Cities:
Ecosystem Services in Urban Management.

Troltzsch, J., Gorlach, B., Liickge, H., Peter, M., Sartorius, C., 2012. (Costs and benefits
of climate change adaptation measures - assessment of 28 measures in Ger—
many) Kosten und Nutzen von Anj RBnahmen an den Kli
Analyse von 28 Anpassungsmafnahmen in Deutschland. Umweltbundesamt,
Dessau-RoBlau.

Uy, N., Shaw, R, 2012. The role of ecosystems in climate change adaptation and
disaster risk reduction. Ecosystem-Based Adapt. 41-59.

Vignola, R., Lacatelli, B., Martinez, C., Imbach, P., 2009. Ecosystem-based adaptation
to climate change: what role for policy-makers, society and scientists? Mitig.
Adapt. Strateg. Glob. Change 14, 691-696.

Wamsler, C., 2014. Cities, Disaster Risk and Adaptation. Routledge, London, UK.

Wamsler, C,, 2015. Mainstreaming ecosystem-based adaptation: transformation
toward sustainability in urban governance and planning. Ecol. Soc. 20.

Wamsler, C, 2017. Stakeholder involvement in strategic adaptation planning:
transdisciplinarity and co-production at stake? Environ. Sci. Policy 75, 148—157.

Wamsler, C., Luederitz, C., Brink, E., 2014. Local levers for change: mainstreaming
ecosystem-based adaptation into municipal planning to foster sustainability
transitions. Glob. Environ. Change 29, 189-201.

Wamsler, C., Niven, L., Beery, T.H., Bramryd, T., Ekelund, N., Jénsson, K.L, Osmani, A.,
Palo, T.,, Stalhammar, S., 2016. Operationalizing ecosystem-based adaptation:
harnessing ecosystem services to buffer communities against climate change.
Ecol. Soc. 21.

Wamsler, C., Pauleit, S., 2016. Making headway in climate policy mainstreaming and
ecosystem-based adaptation: two pioneering countries, different pathways,
one goal. Clim. Change 1-17.

Wang, Y., Bakker, F, de Groot, R, Woértche, H., 2014. Effect of ecosystem services
provided by urban green infrastructure on indoor environment: a literature
review. Build. Environ. 77, 88—100.




Appendix B: Paper 2

Z0lch, T., Maderspacher, J., Wamsler, C., Pauleit, S. (2016). Using green infrastructure for urban

climate-proofing: An evaluation of heat mitigation measures at the micro-scale. Urban Forestry &
Urban Greening, 20, 305-316.

© [2016] UFUG Elsevier. Reprinted with permission (license number 4143110895030).

98



Urban Forestry & Urban Greening 20 (2016) 305-316

Urban Forestry & Urban Greening

journal homepage: www.elsevier.com/locate/ufug

Contents lists available at ScienceDirect

Original article

Using green infrastructure for urban climate-proofing: An evaluation (!)Cmmk
of heat mitigation measures at the micro-scale

Teresa Zolch*, Johannes Maderspacher?, Christine Wamsler®, Stephan Pauleit ©

2 Centre for Urban Ecology and Climate Adaptation (ZSK), Technical University of Munich (TUM), Arcisstr. 21, 80333 Munich, Germany
b Lund University Centre for Sustainability Studies (LUCSUS) and Centre for Societal Resilience, Box 170, 22100 Lund, Sweden
¢ Strategic Landscape Planning and Management, Technical University of Munich (TUM), Emil-Ramann-Str. 6, 85354 Freising, Germany

ARTICLE INFO

ABSTRACT

Article history:

Received 4 May 2016

Received in revised form

28 September 2016

Accepted 29 September 2016
Available online 3 October 2016

Keywords:

Climate change adaptation
Ecosystem services
ENVI-met modelling
Naturebased solutions
Thermal comfort

Urban green infrastructure (UGI) has been increasingly promoted as a key measure to mitigate heat stress
in cities caused by the urban heat island effect and climate change impacts, including climate variability
and extremes. However, comparable information concerning the performance of different UGI types to
moderate such impacts is mostly lacking. This creates serious challenges for urban planners who need
to decide on the most effective measures while considering spatial and administrative constraints. This
study investigates how different types and quantities of UGI, i.e. trees, green roofs, and green facades,
affect pedestrian thermal comfort. The study was applied to high-density residential areas under current
and future climatic conditions. Climate change will on average increase afternoon Physiological Equiva-
lent Temperature (PET) values by 2.4K; however, this could be vastly reduced by different UGI scenarios.
Planting trees had the strongest impact with an average PET reduction of 13% compared with existing
vegetation. Trees shade open spaces and provide evapotranspirative cooling. Another valuable adapta-
tion option is green facades, which have mitigating effects of 5%-10%. In contrast, the effects of green
roofs were negligible. Our results indicate that increasing the share of green cover did not directly cor-
respond to the magnitude of the PET reduction. Placing vegetation strategically in heat-exposed areas
is more effective than just aiming at a high percentage of green cover. We conclude that our extensive
comparative analysis provides empirical evidence to support UGl on the micro-scale and assists planners
and decision-makers to effectively select and prioritise concrete measures to adapt to climate change.
© 2016 Elsevier GmbH. All rights reserved.

1. Introduction

et al,, 2013) and increases pollutant concentrations and cooling
energy demand (Akbari et al., 2001).

Urban societies are being increasingly exposed to heat stress. In
Europe, the likelihood of experiencing heat days (with maximum
air temperatures>30°C) is projected to increase significantly dur-
ing the summer months (EEA, 2012; IPCC, 2014). Climate change
is increasing the average air temperatures and the frequency and
intensity of extreme heat events, which further add to the urban
heat island (UHI) effect in cities (Coumou and Robinson, 2013; IPCC,
2014).

Heat stress can have various severe negative impacts. For exam-
ple, it has been estimated that the extremely hot summer of 2003
caused more than 70,000 excess deaths in Europe (Robine et al.,
2008). Furthermore, heat stress reduces work productivity (Daanen
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Therefore, to mitigate increasing heat stress, effective strategies
for urban climate change adaptation are urgently needed (Perks,
2011). These strategies aim to climate-proof urban areas by inte-
grating the implications of climate change into planning to decrease
vulnerability.

One promising option is urban green infrastructure (UGI), i.e.,
the development of coherent networks of green spaces that provide
multiple ecological, economic, and social benefits for ecosystem-
based adaptation (EC, 2013; Pauleit et al., 2011). UGl can include a
broad range of green spaces, such as woodlands, parks, street trees,
green roofs and facades (Gaffin et al., 2012). By regulating ecosys-
tem services, UGl can moderate the urban climate because shading
and evapotranspiration reduce the thermal load outdoors during
hot weather conditions (Akbari, 2002; Bolund and Hunhammar,
1999; Lafortezza et al., 2009). Due to its multiple benefits, which
go beyond climatic effects to CO; reduction, enhancement of biodi-
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versity and social benefits, UGI is increasingly promoted from the
international to the local scale (EC, 2013; Revi et al., 2014).

While politically UGI has gained increasing support and recog-
nition as an adaptation option, its integration into urban planning
practices remains insufficient (e.g. Klemm et al.,, 2015; Matthews
etal,, 2015; Tzoulas et al., 2007). There is little comparative infor-
mation available to support planners in deciding what type and
quantity of UGI would be most effective in a particular urban situ-
ation (Bowler et al., 2010).

The benefits of UGI for the urban climate have mostly been
shown by empirical and modelling studies that focus on single mea-
sures. Multiple studies have highlighted the importance of urban
trees for climate adaptation via shading and evapotranspiration.
Hall et al. (2012) and Skelhorn et al. (2014) showed a reduction in
the maximum air and surface temperatures from additional tree
plantings, while Moser et al. (2015) and Fahmy et al. (2010) related
the magnitude of climatic benefits to tree dimension and leaf area.
Other studies have shown that green facades can lower mean
radiant temperatures (Jdnicke et al., 2014) and that green roofs
contribute to improving thermal comfort conditions even though
their effects are smaller than vegetation placed at the street level
(Lobaccaro and Acero, 2015; Ng et al., 2012; Perini and Magliocco,
2014).

Norton et al. (2015) offered a first attempt to advise urban plan-
ners on how to prioritise UGI interventions for a particular location.
They asserted that highly heat stressed open spaces need to be
planted with UGI types that maximally reduce the solar exposure.
However, their study did not assess the effectiveness of different
interventions.

This study quantifies the effectiveness of three types of UGI
in increasing outdoor thermal comfort in a comparative analysis
by using ENVI-met, a modelling approach that has shown to well
represent urban micro-scale complexities. It applies an analytical
framework, which links the assessment of the effects of different
UGI types and quantities to a climate change scenario, adopted
and customised following scenario modelling approaches, such as
Middel et al. (2015). The research addresses two questions. 1) How
does climate change affect the urban microclimate and pedestrians’
thermal comfort? 2) Whatis the potential of different UGI types and
quantities to improve pedestrian thermal comfort under current
and future climate conditions? Implications for urban planning are
then discussed.

2. Materials and methods
2.1. Study area

Munich (48° 8 13” N, 11° 24’ 31” E, 519 m asl) was selected as
the geographical focus of this study due the city’s engagement in
climate change adaptation. In its integrated climate change mitiga-
tion strategy, the city of Munich aims to increase the proportion of
green space and support the implementation of UGI (RGU, 2012).
In addition, the city is currently developing a climate change adap-
tation strategy where UGI will play an important role. Munich’s
climate is classified as humid continental with warm summers and
no dry season.

The case area within Munich represents a typical densely built
and populated residential perimeter block of 3.5ha with a low
green share. The main buildings are 17-25 m high, buildings in the
courtyards reach heights between 3-10m. They sum up to almost
50% built-up area. The perimeter block is oriented in NE-SW direc-
tion, the height-width (H/W) ratios of the NW-SE oriented street
canyons on the short edge of the block are 1.2 and 1.5, whereas the
NE-SW oriented canyons have H/W ratios of 0.9 and 1.3. The case
area is located within the central district of Maxvorstadt (Fig. 1).

Perimeter block structures are characterised as compact midrises
(LCZ 2) according to the local climate zone classifications (Stewart
and Oke, 2012) with high shares of shaded areas, high building
heat storage capacity, low backyard air ventilation potential, and a
high potential for wind channelling effects within street canyons
(Grothues et al.,, 2013; Stiles et al., 2014). Perimeter blocks were
chosen for this case study because this type is highly vulnerable to
overheating and isa common urban fabric in European and German
cities.

2.2. Microclimatic modelling with ENVI-met V4

The three-dimensional micro-scale model ENVI-met, based on
acomputational fluid dynamics (CFD) approach, simulates surface-
plant-air interactions in the urban environment. It employs the
non-hydrostatic incompressible Navier-Strokes equations to cal-
culate the wind field as well as the k-epsilon turbulence model and
the Alternating Directly Implicit (ADI) solution technique to cal-
culate the interaction of air flow and surfaces among many other
equations (Bruse and Environmental Modelling Group, 2015; Bruse
and Fleer, 1998). Further details of the physical basis of ENVI-met
have been well described in literature (e.g. Ali-Toudert and Mayer,
2006; Bruse and Fleer, 1998; Huttner, 2012; Simon, 2016; Taleghani
et al, 2015). The model operates at the micro-scale with spatial
resolutions of 0.5-10m and time frames of 24-48 h.

ENVI-met offers several benefits compared to other approaches.
It has a high spatial resolution, includes major atmospheric pro-
cesses, such as the wind field, temperature, humidity, radiation, and
turbulences, takes into account physiological vegetation processes,
and represents vegetation in very detailed manner (Ali-Toudert
and Mayer, 2006; Jdnicke et al., 2014; Lobaccaro and Acero, 2015;
Skelhorn et al., 2014). A plant database integrated into the model
offers the possibility of introducing vegetation profiles according to
empirical data or using default data. The default data includes var-
ious plant species, but no specific vegetation types, such as green
roofs or facades (Jdnicke et al., 2014). This model has been applied
by various studies examining the effects of urban form, vegetation,
and surface materials on the microclimate and has been validated
for European climatic conditions (e.g. Janicke et al.,, 2014; Leeet al.,
2016; Skelhorn et al.,, 2014; Stiles et al., 2014). In the implemented
version, ENVI-met version V4.0 Preview 11, the evolution of temper-
aturesduring the diurnal cycle was improved via forcing (Bruse and
Environmental Modelling Group, 2015). To assess outdoor ther-
mal comfort, the ENVI-met integrated tool BioMet calculates the
physiologically equivalent temperature (PET, in °C), an index of
the perceived heat sensation of pedestrians recommended by Ger-
man guidelines for urban and regional planners (Hoppe, 1999;
Matzarakis et al.,, 1999; VDI, 2008). Its application is particularly
useful for climate change assessments as PET provides a better
representation of future changes in thermal conditions compared
to investigating air temperature alone (Matzarakis and Amelung,
2008).

2.3. Configuration of ENVI-met V4

Table 1 summarizes the meteorological input data for the sim-
ulations. Data provided by the Ludwig-Maximilians-Universitat
Miinchen weather station, located near the case area, and climate
change projections of the regional climate model REMO (scenario
A1B for 2030-2060) for the Munich area were analysed. Scenario
A1B was chosen because it represents a moderate climate change
scenario (Nakicenovic et al., 2000). From both datasets, diurnal
cycles representing a typical heat day were selected because urban
overheating and UHI effects are especially large during summer
high pressure systems with high solar radiation and low wind
speeds (Parlow, 2003). By using representative diurnal cycles for
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Fig. 1. Case area in Munich Maxvorstadt, a) aerial photo © Microsoft Cooperation and b) current greening situation.

Table 1
Meteorological input data for ENVI-met V4.

Configuration of ENVI-met V4

Current climate Future climate

Simulation time
Start of simulation 06/18/2002, 6 a.m.
Duration of simulation 48h

06/01/2058, 6 a.m.

Meteorological conditions
Wind speed (10 m above ground) 23mfs 1.9m/s
Wind direction 160 192

Roughness length at initialisation 0.01m

point of wind flow at model

boundaries

Mean air temperature 264°C 274°C
Max. air temperature 32.12C 35.5°C
Specific humidity at model top at 7glkg

2500m

Initial temperature atmosphere 264°C 274°C
Relative humidity at 2m 59% 59%
Cloud cover 0

Soil data

Initial temperature at all levels 199°C

Relative humidity at all levels 60%

heat situations the focus of this study is laid on a particularly
stressing situation. Simulations were launched at 6 am for a total
model time of 48 h. For the analysis, output data from the second
day were used to exclude initial transient conditions (Bruse and
Environmental Modelling Group, 2015). Before setting the finally
chosen input parameters, extensive sensitivity analyses have been
conducted to test the influence of the main input parameters on
the modelling results.

The case area was built into a grid of 87 x 100 x 25 cells plus
10 nesting grids with an equidistant horizontal and vertical resolu-
tion of 2 m. In the vertical resolution the lowest grid cell is further
split into five sub-boxes (at 0.2, 0.6, 1.0, 1.4 and 1.8 m height) to
increase the accuracy in the calculation of surface processes (Bruse
and Fleer, 1998). The grid was rotated 24° from north to rectify
the block structure. We estimated that 9.0% of the case area was
covered with vegetation by analysing the vegetation index NDVI
(Normalized Difference Vegetation Index) and height classes from
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aerial photos and field surveys. The existing vegetation cover was
partitioned into 7.1% tree cover, primarily along streets with a few
individuals inside courtyards, and 1.6% shrub and 0.3% grass cover
in the courtyards. The remaining 91.0% was split into 44.2% sealed
and 46.8% building surfaces. To represent the vegetation in the
model, plant profiles from the ENVI-met integrated database Albero
were used according to the dominant tree species.

2.4. Green infrastructure scenarios

We developed a set of scenarios to assess the effects of differ-
ent types and quantities of UGI under different climate conditions.
The UGI types, trees, green roofs, and green facades, were selected
because they are the most feasible options for implementation at
the micro-scale within existing built-up areas. Municipal represen-
tatives were involved in the process during stakeholder workshops.

The scenarios span the existing vegetation (Baseline, Fig. 2)
to extreme cases of no vegetation (‘0') and maximum greening
for each proposed UGI type (TreeM, RoofM, and FacadeM). The
‘no green’' scenario assumes a potential loss of vegetation, and
the maximum scenarios implement the UGI in all theoretically
available spaces except buildings. Trees were planted into plant-
ing pits on street sidewalks, on parking lots, and in courtyards,
and all walls and roofs were greened. Between the Baseline and
the maximum scenarios, we created a set of presumably realis-
tic scenarios (TreeR, RoofR and FacadeR) representing achievable
greening interventions in the primary heat exposed areas, which
are mostly south-west orientated (e.g. Lee et al., 2016; Norton
et al,, 2015). Realistic is understood as planting individual trees
on sidewalks and in courtyards, greening only flat roofed build-
ings (in the courtyards) and greening 2/3 of facades. For individual
trees, more cooling than for tree stands per unit canopy area was
assumed because their canopies intercept light falling on a greater
area (Ennos, 2010); on flat roofs, greening is most likely to be tech-
nically feasible, and approximately 1/3 of a facade is window area
(Pfoser et al., 2013). For all scenarios, the existing vegetation of the
Baseline was preserved (except for scenario ‘0"). Compared to the
Baseline in scenarios TreeR and TreeM, 15 and 27% more tree cover
wasincluded, respectively. In scenarios RoofR and RoofM, 9and 47%
green roofs were added, and facade greening was implemented at
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Fig. 2. Green infrastructure scenario modelling approach. The baseline scenario is highlighted.

4 and 11% in scenarios FacadeR and FacadeM. The scenarios’ green
covers were calculated from the simulation setup with a 2-m grid
size in a two-dimensional perspective. Therefore, the proportion of
green facades is lower thanif their vertical coverage were included.
Three ENVI-met vegetation profiles were used to build the sce-
narios: a 15-m tall street tree with a leaf area density (LAD) of
2.0m?2/m?3, which is representative of Acer platanoides, a common
street tree in Munich, extensive green roofs covered by grass with
a LAD of 0.3 m?/m? and green facades of Parthenocissus tricuspidata
witha LAD of 1.85 m?/m3 (Janicke et al., 2014). To isolate the effects
of the UGI from the effects of the urban form, the arrangement of
streets and buildings and the surface materials were kept constant
in all scenarios. Fig. 2 illustrates the scenario approach, and Fig. 3
presents the location and quantity of the respective UGI types in
each scenario.

Finally, from the 16 scenarios, we extracted results of the
PET and the dominant parameters influencing the PET calculation
(Matzarakis et al., 1999), i.e., the air temperature (T,), vapour pres-
sure (VP), wind speed (W), and mean radiant temperature (Tpy),
ata pedestrian level of 1.4 m (average height of a standing’s person
centre) at 3 p.m., the hottest time of day. At each model border, the
exterior grid cells were excluded from the analysis to reduce edge
effects that occur due to the model’s inflow profile.

3. Results

First, the impact of climate change on the current greening, i.e.,
the Baseline, is presented. Second, the effectiveness of UGI to mod-
erate thermal conditions is explored, under both current and future
climate conditions. Appendix A lists the results and parameters for
all scenarios.

3.1. Impact of future climate change

Currently, the Baseline scenario results in thermal discomfort in
all open spaces. PET reaches 41.1 °C on average, with single values
spanning from 34 °C to nearly 60°C at 3 p.m. The thermal sensa-
tion for pedestrians ranges from moderate to extreme heat stress
according to Matzarakis etal.(1999). Within the case area, the high-
estdiscomfortoccursin the north-eastern courtyard, where thereis
no ventilation, wind speeds are close to 0m/s, and south-western
oriented facades and asphalt surfaces reflect the incoming solar
radiation (Fig. 4). The coolest spotsin street canyons and courtyards
are areas shaded by trees and buildings, with PET values between
34 and 39 °C. Where streets are not shaded, PET is higher as a high
proportion of incoming solar radiation isreradiated as sensible heat
from asphalt. Pedestrians experience extreme, strong, and moder-
ate heat stresses in 34, 65, and 1% of the case area’s open spaces,
respectively. Compared to scenario ‘0’, where the maximum PET
values reach 60°C, the current coverage already reduces hot spots
in north-eastern courtyards via a few shrubs and grass pits and in

the north-south direction via trees planted on the eastern side of
west-orientated roads. Therefore, the differences in thermal con-
ditions between urban locations strongly depend on the amount of
solar radiation reaching the surfaces, i.e., the sky view factor and
the proximity of the UGI (Oke, 1980).

Under climate change, expressed by an increase in the aver-
age daily T, by 1°C and the maximum daily T, by 3.4°C, the PET
value in the case area increases by 6% to 43.5°C on average. As
expected, T, and Ty, increase leading to a reduction in thermal
comfort. The range of PET is 37-62 °C, demonstrating a high spatial
variability similar to today's climate, as the north-eastern courtyard
is still the area of highest discomfort with PET values up to 62 °C.
Even in the shaded areas, PET can increase to over 41°C, leading to
extreme heat stress. This is especially true for shaded backyards,
where there is little wind and the hot air is retained. In addition,
the area of extreme heat stress increases to 40% of the case area’s
open spaces. This reflects the importance of primary shading and
sufficient ventilation on microclimatic conditions (Ali-Toudert and
Mayer, 2007).

3.2. The heat mitigating potential of green infrastructure types

The realistic and maximum scenarios show the potential of dif-
ferent UGI types to moderate microclimates when implemented
in different quantities. The average PET values of all the scenarios
indicate strong (35-41 °C PET) to extreme heat stress (above 41 °C)
overall. Under today's climate, TreeM reaches the lowest PET value
of 35.3 °C and RoofR the highest value of 41.1 °C. For the future cli-
mate, the average PET values range from 37.6 °C (TreeM) to 43.5°C
(RoofR, RoofM).

Tree plantings have the highest potential to mitigate thermal
discomfort during heat days. Maximum tree plantings (TreeM, 34%
tree cover) reduce PET by 13% compared to the Baseline. TreeR has
a tree crown cover of only 22% trees; however, itstill achievesa PET
reduction of 10% compared to the Baseline. Trees contribute to this
reduction primarily via shading and evapotranspiration (compare
e.g. Bowleret al., 2010; Shashua-Bar and Hoffman, 2000). The maps
inFig. 5and Appendix B clearly demonstrate the benefits of shading
and hence the general pattern of reducing heat hot spots; increas-
ing the share of trees, and consequently the shaded area, reduces
the extension of extreme heat hot spots of over 41 °C. The area of
extreme heat stress shrinks from 34% (Baseline) to 15% (TreeR) and
13% (TreeM). The PET values reflect the pattern of solar radiation
hitting surfaces, as expressed by Tmt, which governs PET as a domi-
nant factor during the daytime (Leeetal.,2016). Evapotranspiration
causes an increase in the moisture content of the air. In TreeR and
TreeM, more trees and therefore evapotranspiration result in an
increase in VP to a maximum of 19 hPa compared to 16.5 hPain the
Baseline and a decrease in T, by 1°C. Trees placed in sunlit areas
achieve higher evapotranspiration rates and therefore high VP val-
ues in their close proximity. In this case, the increase in VP together
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TreeR: 23 .6 % green cover,
thereof 22.2 % trees

RoofR: 17.8 % green cover,
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Fig. 3. ENVI-met scenarios for the green infrastructure actions: trees (TreeR, TreeM), green roofs (RoofR, RoofM) and green facades ( FacadeR, FacadeM).

with a decrease in T, improves thermal comfort. Local values of PET
under tree crowns decreased to a minimum of 31°C in TreeM, rep-
resenting only moderate heat stress for pedestrians. The highest
mitigating effect of trees occurred in the north-eastern backyard,
where PET was reduced up to 40% compared to the Baseline. Under
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future climate conditions, trees have the highest mitigating effect,
with an average PET reduction of 7 (TreeM) and 4% (TreeR) com-
paredtothe Baseline.Fig. 5 and Appendix B show that the variability
of PET within the case area remained similar with the lowest values
in areas shaded by the trees, but with higher absolute PET values



310 T. Zélch et al. / Urban Forestry & Urban Greening 20 (2016) 305-316

Climate

Today

¥ (m)

x{mj

Scenarios

Baseline
T
¥ (n)

{
1
d-

x(m)

Future

¥ (m)

PET

below 31 °C
31t035°C
35t039°C
391043 °C
43t047°C
47t051°C
51t055°C
551059 °C
591063 °C
above 63 °C

Objects
O Buildings

x(m)

EEEEEOO000O0

== H.&

y(my

I ==

I
L
b

"

xqm)

Fig. 4. Simulated PET values for 1.4m height at 3 p.m. for scenarios ‘0’ (no green) and Baseline (current greening) under current and future climate conditions.

in the range of 33-60°C. The remaining sunlit areas in courtyards
and road junctions are characterised by extreme heat stress levels
of up to 60°C PET.

Comparisons of green roofs and facades reveal great differences
in their heat mitigation capacity. Green roofs do not contribute to
shading effects and are distant from the street level. There is no
observed change in T, compared to the Baseline. Therefore, their
contribution to reducing the PET at a pedestrian level of 1.4m
remains small for RoofM (0.5% reduction) to zero for RoofR (no
reduction). Under climate change conditions, the PET increases for
both RoofR and RoofM scenarios by 6%. In a comparison of the spa-
tial variability of the PET values of RoofR and RoofM to the Baseline
(Figs. 4 and 5 and Appendix B), green roofs have practically no
effect. However, green facades achieve average PET reductions in
the range of 10% for FacadeM and 5% for FacadeR under today's cli-
mate, leading to a reduction of extremely heated areas from 34%
to 24% and 29%, respectively. Green walls decrease the heating
of building walls and the reflection of incoming solar radiation
(Janicke et al., 2014; Pfoser et al., 2013) leading to a reduction
of Tme and PET in front of green facades. In these areas, the VP
values increase, especially in unshaded areas. When facades are
greened, the minimum PET values in the case area drop to 30°C
compared to 34 °C with current greening. However, this drop is
restricted to the direct proximity of the green facades. At larger
distances (>2 m) from the facades, no effects were observed. Under
climate change, FacadeM achieves a PET reduction of 4%, whereas
FacadeRresultsina 1%increase compared to the Baseline. The spots

of greatest PET increase due to climate change are found in the sun-
litand downwind areas of the street canyons, where Tmt values are
high (maximum 71 °C) and horizontal air exchange is insignificant.
The mitigating effects of trees, green roofs, and green facades are
summarized in Table 2.

4. Discussion

This study provides empirical evidence that adaptation to cli-
mate change is urgently needed to provide liveable cities in the
future. In fact, the modelling results show that PET values, and
therefore heat stress, are already very high in densely built-up areas
during hot summer days. This is in agreement with studies con-
ducted in the German cities of Freiburg and Gelsenkirchen, where
very high PET values were reached on a hot day with low wind
speed (Diitemeyer et al., 2013; Lee et al.,, 2016). Climate change
will further increase the heat stress to extreme levels.

At the same time, the results clearly indicate that the imple-
mentation of UGI can potentially reduce pedestrians’ heat stress.
Average PET values were shown to decrease by up to one heat sen-
sation class. An offset of this intensification due to climate change,
which can be realised by an at least 6% PET reduction, can be
achieved by planting additional trees and greening facades (Fig. 6).
The differences between the scenarios range from an improvement
of thermal comfort by 10-13% by trees and 5-10% by green facades
to anegligible contribution by green roofs to mitigating heat stress
at the pedestrian level. This result for green roofs agrees with pre-
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Fig. 5. Simulated PET values for 1.4m height at 3 pm for the scenarios TreeM { maximum greening with trees), RoofM { maximum greening with green roofs), and FacadeM
(maximum greening with green facades) under current and future climate conditions. The realistic scenarios are presented in Appendix B.

vious studies (Lobaccaro & Acero, 2015; Ng et al.,, 2012). Because
implementing UGI reduces the areas of extreme heat stress within
open spaces (Fig. 7), more areas with a tolerable heat sensation are
available to pedestrians.

Shading is the most important function of UGI for heat mit-
igation during the daytime, followed by evapotranspiration and
ventilation (compare Ali-Toudert and Mayer, 2006; Bowler et al.,
2010; Lee et al., 2016; Norton et al., 2015; Shashua-Bar and
Hoffman, 2000). This explains why trees contribute more to ther-
mal comfort than green roofs or facades, which cannot provide
shading of open spaces, but only building surfaces. Therefore, the
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high building share of 50% in the case areacould be seen as advanta-
geous because it provides shadow and might consequentially lead
to a lower urgency of implementing UGI. However, this conclu-
sion might change when considering evapotranspirative cooling
and the diurnal patterns of PET. During the night time, shading
has no influence; however, buildings act as heat emitters due to
their high heat storage capacity, increasing the UHI effect (Parlow,
2003). In addition, this study shows that local mitigating effects of
UGI can be enhanced by the sufficient ventilation of open spaces,
as corroborated by Diitemeyer et al. (2013) and Ng (2009).
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Table 2

Average PET values for 1.4 m height at 3 p.m. and the relative change compared to scenario B with the current climate for each greening scenario under current and future

climate conditions. The average is calculated from 6600 single values.

Average PET (°C) for 1.4 m at 3 pm and the relative change (%) compared to scenario B with
the current climate

Scenario Current climate Future climate

‘0"=No green 428 +43 452 +10.7
Baseline = Current green (9.0% green cover) 411 0.0 435 +63
TreeR= Realistic trees (23.6% green cover) 36.5 -103 39.0 —-40
RoofR = Realistic green roofs (17.8% green cover) 41.1 0.0 435 +63
FacadeR =Realistic green facades (12.3% green cover) 39.0 -5.1 413 +09
TreeM=Maximum trees (35.6% green cover) 353 -13.0 376 -71
RoofM =Maximum green roofs (55.8% green cover) 409 -05 435 +63
FacadeM = Maximum green facades (19.3% green cover) 37.1 -98 39.2 —-41

50 10% increase in the green cover cannot be solely achieved by plant-
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Fig. 6. PETreduction potential per greening scenario. The horizontal bar represents
the PET of the baseline scenario under today's climate. Under climate change, TreeR,
TreeM, and FacadeM lead to a PET reduction of 4, 7, and 4%, respectively, which is

below the baseline level.
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Fig. 7. Distribution of different heat stress situations within the case area's open
spaces, using paired bars. For each scenario, the left-hand bars represent the current
climate and the right-hand bars the future climate.

A minimum 10% increase of the green share by either trees or
green facades appears to offset climate change impacts. Anincrease
in the tree cover from 7 to 22% (TreeR) and 34% (TreeM), as well
as the greening of all facades (11% green share), would decrease
the future heat sensation for pedestrians to, or even below, today’s
level. This supports the study of Gill et al. (2007) who suggested
that, with a 10% increase in green cover, climate-proofing was
achievable. Middel et al. (2015) suggested that increasing a city’s
tree canopy cover from 10 to 25% could potentially offset climate
change. Conversely, Hall et al. (2012) calculated that the potential
to increase tree cover in Manchester was only 5% under current
local regulations for Manchester; however, this would not restrain
temperatures to current levels under climate change. Therefore, a

ing more trees. Greening facades need to be considered, especially
in densely built areas, because, even without contributing to the
shading of open spaces, they offer great cooling potential. This is
relevant when open space for additional greening by trees is scarce
and no radical changes of existing built-up structures are allowed.

Our results further indicate that placing vegetation strategically
in heat-exposed areas increases its mitigating effects and lowers
the need for additional green cover. While a maximum tree crown
cover of 34% would reduce the PET by 13%, just a 22% tree cover
would achieve a PET reduction of 10% if hotspots were prioritized.
Similar findings were obtained for green facades. A possible expla-
nation could be that a nonlinear relationship exists between green
cover and PET reduction. This would be a different result than in
other studies like e.g. Middel et al. (2015), who showed a linear
reduction in the air temperature for increasing shares of tree crown
cover in hot and arid climates by applying ENVI-met V3.1. Rea-
sons for the diverging results could be that Middel et al. (2015)
used air temperature and not PET and distributed the additional
trees evenly within the case area. In V3.1 as used by Middel et al.
(2015) vegetation could not yet be displayed as individual object,
hence calculating transpiration processes differently (Bruse and
Environmental Modelling Group, 2015; Simon, 2016). Moreover,
the higher building density and thus, higher heat storage capac-
ity and more shaded areas by buildings, in the present study could
impact the cooling potential differently than in an open lowrise res-
idential area in the study of Middel etal.(2015). To explore this first
finding in more details, further research with a different approach
of greening scenarios would be needed, which has not been the
scope of this study.

Compared to alternative adaptation options, i.e., technical mea-
sures, UGl is multifunctional. In addition to heat mitigating effects,
UGI can also adapt to climate change by regulating surface runoff
after heavy rain events that are likely to occur more often in the
future as e.g. Armson et al. (2013) and Vanuytrecht et al. (2014)
could show. Moreover, UGI can be beneficial for addressing climate
change mitigation, air quality, biodiversity, and social and health
effects (Chen et al., 2014a; Coombes et al., 2010; Davies et al., 2011;
Demuzere et al., 2014; Hansen et al., 2016; Klemm et al., 2015;
Strohbach et al.,, 2013; Tratalos et al., 2007). For example, green
roofs do not perform well as a measure for heat mitigation. They
neither provide shading nor are located close to the focus of analy-
sis at 1.4m height. Consequentially, their resulting cooling impact
at the street level remains close to zero. Nevertheless, green roofs
can have positive influences via building energy performance and
retention of storm water (Berardi et al., 2014; Ng et al., 2012; Wang
etal., 2014).

Despite the benefits of UG, its implementation faces many
challenges, including involving various stakeholders, overcoming
institutional and technical barriers, resolving conflicts of using
high-demand open space and subsoil, and the lack of strategicinfor-
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mation for its realisation (Connop et al., 2016; Matthews et al.,
2015; Naumann et al., 2011; Norton et al., 2015; Wamsler, 2015).
Therefore, this study does not suggest that the modelled scenar-
ios can be translated directly into practice but rather that they can
serve as an assessment of the adaptation potential of UGl in specific
settings.

The presented results are valid for a perimeter block urban fab-
ric located in humid continental climates. A transfer of results to
other urban areas of the same fabric type and local climate zone
can be achieved by simplifying the building geometry in the spa-
tial setup of the case area. The chosen modelling approach worked
well to quantify the differences between different UGI scenarios
now and in the future using the ENVI-met model. To represent a
likely future situation, the balanced IPCC scenario A1B for the time
horizon 2030-2060 was chosen. This scenario projects a future of
strong economic growth and a mixed use of fossil and renewable
energies (Nakicenovic et al., 2000). Therefore, the climate change
impacts on thermal comfort conditions shown in this study could
be worse for more pessimistic scenarios (e.g., A2).

Further limitations of the modelling approach with ENVI-met
V4 are due to the high complexities in the model's calculations.
They restrict the simulations in spatial (max. 250 x 250 grid cells
can be modelled) and temporal resolution (simulation runs for 24
to 72 h). The present study hence focused on a typical heat day
with extreme weather conditions, representing a particular stress-
ing situation, in a case area with the size of a building block. Due
to the mentioned complexities measured data of meteorological
input parameters is only used to initiate the model, then the diur-
nal cycles are developed based on calculations. In earlier versions
of the model this led for example to an inaccurate presentation
of radiation fluxes, which in turn might have caused overestima-
tions of Tpyr and consequently PET as discussed in previous studies
of Ali-Toudert and Mayer (2006), Chen et al. (2014b) and Ketterer
and Matzarakis (2014). Introducing a forcing option for calculating
the diurnal cycles of T; and relative humidity in ENVI-met V4 could
improve the evolution of those parameters along the day, leading
to a better agreement of calculated Ty, values with measurement
data (Lee et al., 2016; Lobaccaro and Acero, 2015). Nevertheless,
more validation studies would be needed to prove this. Finally, the
presented results need to be considered in the context of the uncer-
tainties resulting from using the ENVI-met model. To minimize the
impacts of those general limitations on the presented results, the
main focus of this study hasbeen given to the comparisons between
the scenarios.

5. Conclusions

Mitigating heat stress will become increasingly important in
high-density residential urban areas due to the increasingly nega-
tive effects of UHI under climate change. Based on previous studies
that have assessed the effects of single UGI types on the urban

microclimate and outdoor thermal comfort, this study expands
the existing knowledge by comparing three UGI options, trees,
green roofs, and green facades in varying quantities. Their perfor-
mance was assessed under current and future climate conditions.
The scenario modelling approach revealed that the magnitude of
cooling differed widely between the investigated scenarios. Trees
performed better than green roofs and facades due to the large area
of shade their crowns provide. Trees and green facades were able to
offset climate change impacts and keep them at or below today's
level, whereas the effects of green roofs remained marginal. The
magnitude of the heat mitigation did not show a direct correlation
to the extent of the green cover.

For urban planning, the results have practical implications for
the strategic selection and placement of certain UGI types in heat
exposed areas to increase the effective heat mitigation. An effective
and efficient adaptation to climate change via UGI (a) concentrates
on heat hot spots within the city; (b) prioritizes tree plantings in
identified hot spots to reduce incoming solar radiation on artifi-
cial surfaces and to increase evapotranspirative cooling in places
that are frequented by pedestrians; (c) adds green facades to rein-
force mitigation effects, in particular in areas where additional trees
are not an option due to building density and competing uses; (d)
assesses options to increase (or protect existing) ventilationin heat
exposed areas to reduce overheating; and (e) considers green roofs
as multifunctional measures to provide additional roof gardens,
reduce storm water runoff, and promote biodiversity.

The presented analytical framework can serve as a guideline for
case studies of similar urban fabric types and local climate zones.
More research is required to examine the climatic performances of
speciesvariations available for UGl types. In particular, how climate
induced stress, such as drought, influences their climatic behaviour
needs to be explored. Finally, future research could examine other
functions of green infrastructure, such as storm water mitigation,
carbon sequestration and enhancement of biodiversity, tostudy the
synergies and trade-offs between different UGI scenarios.

Acknowledgements

This work was supported by the Bavarian State Ministry of the
Environment and Consumer Protection [project number TLKO1U-
63929]. The authors thank the Environmental Modelling Group
at the University of Mainz, especially Helge Simon, for their
continuous support with applying the ENVI-met model, Farzan
Banihashemi for his help with illustrations as well as the anony-
mous reviewers that contributed to improve this manuscript.

Appendix A. Average, minimum, and maximum simulated
values of air temperature (T, ), vapour pressure (VP), wind
speed (W), and mean radiant temperature (Tp,:) for each
greening scenario under current and future climate
condition in 1.4 height at 3 p.m.

Scenario T,(C) VP (hPa) W (m/s) Tonrt (2C) PET(°C)
Climate data Current Future Current Future Current  Future Current Future Current Future
‘0" =No green Average 315 34.0 162 17.6 1.0 08 571 58.1 428 452
Min/Max.  305/332 33.1/35.2 144/187 15.8/19.6 00/34 00/24 44.6/729 459(741 351/606  38.3/63.0
Baseline=Current Average 315 33.9 165 17.9 02 0.7 532 54.2 411 43.5
green Min/Max.  30.5/33.1 33.1/35.3 145/196  15.9/20.8 0.0/34 0.0/25 399717 41.6/73.1 34.13/59.8 37.0/61.8
TreeR = Realistic trees Average 310 333 176 19.2 0.7 0.6 443 45.5 36.5 39.0
Min/Max.  30.1/33.1 32.1/35.0 143/225 15.2/24.8  0.0/34 0.0/26 352/692 36.5/704 31.8/56.6 34.5/59.6
RoofR = Realistic green Average 315 339 16.5 17.8 04 0.3 532 54.3 411 435
roofs Min/Max.  305/332  33.1/35.4 145/196 15.9/20.7 0.0/34 0.0/2.5 404719 422734  343/60.0 37.3/61.8
FacadeR=Realistic Average 313 33.7 173 18.7 0.7 0.6 485 49.6 39.0 413
green facades Min/Max.  30.2/33.1 32.7/35.1 14.4/21.7 15.7/23.1 0.0/34 0.0/25 332/700 34.9/713 323/57.8 34.6/59.4
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TreeM =Max. trees Average 30.6 31.7 19.0 192 0.7 06 42.4 435 353 37.6
Min/Max.  29.4/33.0 313/349 13.8252 146/284 0.0/3.4 00/26 33.6/68.3 349/698 30.8/56.4 33.2/594
RoofM =Max. green Average 31.4 339 16.5 17.7 0.4 04 52.9 544 40.9 435
roofs Min/Max.  30.4/33.1 33.1/354  14.4/19.5 159/202 0.0{3.5 00/26 39.7/71.6  43.0/73.7 34.2/598 37.7/62.0
FacadeM = Max. green Average 31.1 333 18.4 19.7 0.6 0.5 44.6 456 37:1 392
facades Min/Max.  29.433.0 319/349 13.8254 15.1/264 0.0/3.5 00/26 30.4/68.7 319/702 30.1/57.0  32.6/592
Appendix B.
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Fig. A1. Simulated PET values for 1.4m height at 3 p.m, for the scenarios TreeR (realistic greening with trees), RoofR (realistic greening with green roofs), and FacadeR
(realistic greening with green facades) under current and future climate conditions.
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Urban development leads to changes of surface cover that disrupt the hydrological cycle in cities. In particular,
impermeable surfaces and the removal of vegetation reduce the ability to intercept, store and infiltrate
rainwater. Consequently, the volume of stormwater runoff and the risk of local flooding rises. This is further
amplified by the anticipated effects of climate change leading to an increased frequency and intensity of heavy
rain events. Hence, urban adaptation strategies are required to mitigate those impacts. A nature-based solution,
more and more promoted in politics and academia, is urban green infrastructure as it contributes to the
resilience of urban ecosystems by providing services to maintain or restore hydrological functions. However, this
poses a challenge to urban planners in deciding upon effective adaptation measures as they often lack
information on the performance of green infrastructure to moderate surface runoff. It remains unclear what type
of green infrastructure (e.g. trees, green roofs), offers the highest potential to reduce discharge volumes and to
what extent. Against this background, this study provides an approach to gather quantitative evidence on green
infrastructure's regulation potential. We use a micro-scale scenario modelling approach of different variations of
green cover under current and future climatic conditions. The scenarios are modelled with MIKE SHE, an
integrated hydrological simulation tool, and applied to a high density residential area of perimeter blocks in
Munich, Germany. The results reveal that both trees and green roofs increase water storage capacities and hence
reduce surface runoff, although the main contribution of trees lies in increasing interception and evapotran-
spiration, whereas green roofs allow for more retention through water storage in their substrate. With increasing
precipitation intensities as projected under climate change their regulating potential decreases due to limited
water storage capacities. The performance of both types stays limited to a maximum reduction of 2.4% compared
to the baseline scenario, unless the coverage of vegetation and permeable surfaces is significantly increased as a
14.8% reduction is achieved by greening all roof surfaces. We conclude that the study provides empirical support
for the effectiveness of urban green infrastructure as nature-based solution to stormwater regulation and assists
planners and operators of sewage systems in selecting the most effective for impl. ion and
estimation of their effects.

1. Introduction

Urban development leads to changes of surface cover that disrupt
the hydrological cycle in cities. In particular, impermeable surfaces,
compacted soils and the removal of vegetation reduce the ability to
intercept, evapotranspire, store and infiltrate rainwater (Whitford et al.,
2001). As a consequence, the volume of stormwater runoff, especially
the peak runoff magnitude, and the risk of local flooding rises.

Anticipated effects of climate change leading to an increased
frequency and intensity of heavy rain events pose an additional

challenge on urban hydrology and further amplify the flood risk (Revi
et al.,, 2014). This can have severe negative impacts on cities (Endreny,
2006), such as Copenhagen has experienced in 2011 during a severe
cloudburst event with major infrastructure disruptions and high
insurance claims (City of Copenhagen, 2011). Hence, effective urban
adaptation strategies are required to mitigate those impacts (Perks,
2011).

In politics and academia, the use of nature-based solutions (NBS) for
climate change adaptation is more and more promoted (Eggermont
et al., 2015; EC, 2015). NBS can be defined as solutions using nature

Abbreviations: LAI, Leaf area index; NBS, Nature-based solutions; UGI, Urban green infrastructure
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Fig. 1. Perimeter blocks in Munich and location of case area.

and ecosystem services to provide economic, social as well as environ-
mental benefits (EC, 2015; Maes and Jacobs, 2015) and span from
natural ecosystems to novel ecosystems that are either intentionally or
unintentionally created by humans (Eggermont et al., 2015). In the
context of hydrological issues NBS aim to maintain or to return to water
flow regimes as close as possible to the natural level by using close to
nature practices (Fletcher et al., 2013).

Urban green infrastructure (UGI) as a planning approach for
developing coherent networks of green spaces supports the implemen-
tation of NBS (Pauleit et al., 2011). UGI contributes to the resilience of
urban ecosystems by providing services to maintain or restore ecologi-
cal, i.e., hydrological functions. For instance, the canopy of trees
intercepts rainfall before it hits the ground, green roofs and planting
pits reduce the share of sealed surfaces and allow rainwater to infiltrate
into the ground. At local scale the most commonly implemented UGI
measures for stormwater management are trees, green roofs, rain
gardens or swale systems (EC, 2015; Jayasooriya and Ng, 2014).

Positive effects of single UGI measures on urban hydrology and the
reduction of flood risk were shown by studies using different modelling
approaches and empirical assessments (e.g. Armson et al.,, 2013;
Czemiel Berndtsson, 2010; Gregoire and Clausen, 2011; Nagase and
Dunnett, 2012; Schroll et al., 2011; Vanuytrecht et al., 2014; Wang
et al., 2008). The potential of trees to reduce surface runoff through
interception and infiltration was for instance shown by Armson et al.
(2013), who compared plots covered by only asphalt and with a planted
tree, and Wang et al. (2008) for complete catchments. To assess the
performance of green roofs Czemiel Berndtsson (2010) reviewed
existing studies and discussed various influencing factors, e.g., types
of green roof and vegetation. Gregoire and Clausen (2011) as well as
Trinh and Chui (2013) found a 50% retention of rainfall by an extensive
green roof and according to Nagase and Dunnett (2012) grass is most
effective compared to other vegetation. Trinh and Chui (2013) further
showed that green roofs in combination with bio-retention systems

136

could reduce discharge rates to pre-urbanised levels for a catchment in
Singapore.

Nevertheless, it poses a challenge to urban planners in deciding
upon effective UGI measures for climate adaptation. They often lack
information on the performance of different UGI types or the regulating
functions of UGI are unrecognised or not prioritized in urban planning
strategies (Ahiablame et al., 2012; Gill et al., 2007; Lee et al., 2012;
Matthews et al., 2015). Hence, it remains unclear what type of UGI has
the highest potential to counteract climate change impacts by reducing
urban surface runoff and to what extent.

Against this background, the study presents the - to our knowledge
- first approach to quantify the effectiveness of UGI types, i.e., trees and
green roofs, in regulating urban surface runoff after today's and future
heavy rain events at the urban micro-scale. A modelling approach with
MIKE SHE is used, which enables the calculation of the urban water
balance and its complex interrelations. A scenario framework is applied
to assess both the effects of different UGI types as well as effects of
varying heavy rain intensities, thereof one representing the impacts of
future climate change. The study addresses two main research ques-
tions: 1) How does urban surface runoff vary under different intensities
of summerly heavy rain events? 2) What is the potential of different UGI
types and quantities to regulate urban surface runoff after heavy rain
events of varying intensities? From the results implications for the
implementation of NBS in urban adaptation planning are discussed.

2. Material and methods
2.1. Study area

Munich has been selected as a case study (RGU, 2012) due to its
engagement for climate change adaptation and priority being given to

nature-based solutions as adaptation. Moreover, the city experiences
strong population growth and increasing pressure on open space due to
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infill development (Artmann, 2014). Therefore, finding UGI solutions
which are effective on limited space is important. Munich is located 48°
87 13” N, 11° 24’ 31” E in 519 m asl and its climate is classified as
humid continental with warm summers and highest precipitation rates
occurring during this season. In the city centre the urban fabric type of
perimeter blocks is very common as it is in many other German and
European cities. Perimeter blocks are characterised by high building
and population densities, high surface sealing and low green shares
(Pauleit and Duhme, 2000). Consequently, they provide a low storm-
water retention capacity and can be particularly vulnerable to flooding
after heavy rain events, especially when the stormwater drainage is
overloaded. The selected case area represents a typical perimeter block
of 3.5 ha (150 x 180 m, NE-SW orientation) located in the central
district of Maxvorstadt (Fig. 1). Approx. 50% of the case area is built-

up.
2.2. Hydrological modelling with MIKE SHE

For this study a physical based hydrological model is needed, that is
able to determine all hydrological processes within the urban water
balance, runs in small scale application and includes a detailed
representation of vegetation characteristics. MIKE SHE is an integrated
hydrological model, which fulfils the requested requirements and has
proved to credibly interpret hydrological processes in various applica-
tions (DHI Water and Environment, 2016; Jaber and Shukla, 2012; Ma
et al.). Its strengths compared to other available models lies in detailed
input parameters of plant characteristics, the explicit consideration of
processes driven by vegetation and its ability to simulate continuous
time series and hence soil moisture storage (Ahiablame et al., 2012;
Fletcher et al., 2013; Jayasooriya and Ng, 2014; Wang et al., 2008;
Zhou, 2014). The MIKE SHE model seems to be suitable for the
application in this study as it has already been applied for e.g. studies
on changes in surface runoff through green roofs at urban catchment
scale (Trinh and Chui, 2013) and future climate change impacts on an
agriculturally used catchment (Keilholz et al., 2015).

In the following the technical background and the calculation of the
most important processes are described (DHI Water and Environment,
2016).

- Overland flow: When precipitation is falling on sealed surfaces, the
water is routed as 2-dimensional overland flow. The shallow water
equation (diffusive wave) is solved based on the finite difference
method. The calculation of the water flow depends on the slopes
defined by a digital elevation model (DEM). Furthermore, the
roughness of surface materials is respected by the Manning-
Strickler value (Perry, 1960). Additionally, in case surface water
cannot infiltrate into the soil anymore or groundwater reaches the
surface, this water contributes to the overland flow (Butts and
Graham, 2005). In urban areas surface runoff is normally routed to a
stormwater drainage system. Effects by these water processes can be
calculated by coupling a 1-d hydraulic model like MIKE 11 or MIKE
Urban to MIKE SHE (e.g. City of Copenhagen, 2011). If detailed
sewer data is not available, this calculation can be simplified by
removing parts of the overland water automatically from the model
by the paved area function.

Unsaturated zone: Infiltration, soil moisture and the recharge to the
saturated zone are calculated with the unsaturated zone module.
Input data are precipitation and soil data (pf-curves and saturated
hydraulic conductivities). The soil data is arranged in a soil map
with multilayer soil types. The numerical approach is the Richards
equation which is solved 1-dimensionally (Richards, 1931). So only
vertical flow processes are considered. The hydraulic conductivity
changes with the saturation of the soils. This effect is calculated by
the van Genuchten formula (Van Genuchten, 1980) in combination
with the Mualem function (Mualem, 1976). The representation of
the lower boundary is the head of the saturated zone. By changing
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groundwater levels the length of the unsaturated zone is fitted
automatically.

Saturated zone: The calculation of the 3-dimenional groundwater
fluxes is carried out by solving the Darcy equation by using the finite
difference method. The groundwater fluxes and heads are negligible
for this study. However, the module is needed to define the lower
boundary condition for the unsaturated zone.

Land use: To analyse the effects of vegetation, a land use module is
integrated into the model. The input is the potential evapotranspira-
tion, a land use map and vegetation specific data. MIKE SHE then
calculates the actual transpiration, soil evaporation and interception
by using the Kristensen & Jensen approach (Kristensen and Jensen,
1975). The major Egs. (1)-(3) include different functions for the
Leaf Area Index (LAI) and the distribution and depth of the roots.
e Evaporation from canopy [mm/dt]:

1

Ecan min(CipeoLAI, ET. 5 oA t) [¢))

Ci = interception coefficient (= 0.05 mm)C;, = interception
coefficient (= 0.05mm)ET,; = potential reference evapotran-
spiration [mm/dt]JAs = Simulation time step [dt]

e Plant transpiration [mm/dt]:

Elir = fi(LADf,(0)*RDF+ET¢ @

f (LA1, §) = Functions for LAI or soil moisture (see Kristensen and
Jensen, 1975)RDF = Root distribution function (see Kristensen
and Jensen, 1975)

® Soil evaporation [mm/dt]:

ETys = ETpof;(0) + (EToy — ETr — (ETor of3(0)))of (0) (1=, (LAD))
3)

The strong coupling to the unsaturated zone makes it possible to
analyse the actual evapotranspiration in relation to the actual soil
moisture. This function will be directly integrated into the
Kristensen & Jensen approach and allows e.g. analysing vegetation's
water stress.

The software is organised modularly, hence all assessed processes
can be directly linked to each other.

2.3. Configuration of MIKE SHE

The model requires detailed inputs in form of meteorological as well
as spatial data. Climate data for two different heavy rain events was
chosen from a data set of the weather station of Ludwig-Maximilians-
Universitat Miinchen, which is located close to the case area. The small
rain event has a return period of two years which is the standard an
urban sewage system needs to be capable with under current climate
conditions and the large rain event is comparable to an average heavy
rain event in Munich under future climate conditions as projected by
the regional climate model REMO (A1B, 2030-2060) for the Munich
region (see Table 1) (DWA, 2006). Both data sets represent summerly
heavy rain events recorded between the months May and June, when
UGI is fully developed. From the climate data sets precipitation rates
and reference evapotranspiration, calculated with the Penman-Mon-

Table 1
The 2 selected heavy rain events for the analysis.

Heavy rain event  Date and time of Return period after KOSTRA-

[mm/h] occurrence DWD (2000) for Munich
1. 247 05-06-2003 17:00 2 years
2. 309 05-05-2001 17:00 5 years
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teith equation (Allen et al., 1998; Monteith, 1981; Penman, 1956), were
extracted. MIKE SHE was run for 2 weeks of simulation time (one week
before and after the heavy rain events to overcome initial transient
conditions in e.g. soil moisture) with adaptive time steps at a 1-h output
time step. The rainfall patterns of both events are comparable with a
small rain event shortly before the heavy rain event, only the intensity
differs.

MIKE SHE is a raster-based model. The spatial input data consists of
different layers, each in 1m grid resolution. The topography is
extracted from a DEM provided by the city of Munich representing
the elevation of surfaces and buildings and added with information on
the surface roughness of different materials (Holschemacher, 2015). A
land use map of the current situation was derived from aerial photos
and field surveys. The model represents impermeable and permeable
surfaces as well as areas of vegetation canopy covering either surfaces.
The vegetation cover makes up 6.4% of the area, thereof 5.3% trees,
primarily along streets with a few individuals inside courtyards, and
1.1% shrubs and grass in the courtyards. From an earlier study on this
case area (Zolch et al., 2016), vegetation parameters were adopted, i.e.,
Leaf Area Density (LAD), plant geometry, root depth and location. As
for MIKE SHE the main parameter characterising vegetation is LAI,
those values were calculated from the existing LAD values using the
approach of Lalic and Mihailovic (2004). As vegetation is presented 2-
dimensionally in MIKE SHE, understorey vegetation for instance could
not be included. Two types of soil profiles were created based on data of
boreholes of the Munich Water Management Office for the area, paved
areas and open soil, e.g. in tree pits. In permeable areas infiltration of
surface water is possible, in paved areas the water is directed towards
canalisation and taken out of the model by activating the paved area
function and coupling of the 1-dimensional hydrodynamic MIKE 11
model. Hence, the processes within the saturated zone are not
considered anymore and are simplified by using a fixed groundwater
head for the overall project area. Table 2 sums up the setup of all
relevant parameters for the MIKE SHE model.

2.4. Green infrastructure scenarios
To assess the effects of different types and quantities of UGI under

Table 2
Parameter setup for the MIKE SHE model.

Parameter Value Unit
Vegetation

Leaf area index (LAI) 3-6.1 -
Canopy interception 0.05 mm * LAT
Root distribution 0.5-3 m

2D surface water

Paved runoff coefficient 0-0.5 -
Resistance value (Ky) 40 - 85 m'3/s
Detention storage 1 mm
Initial water depth 0 m
Surface-subsurface leakage 0.0001 I/s

coefficient

Unsaturated and saturated zone

Asphalt: 6s; 0r"; K.; BD”

Substrate for trees: 6s'; 6r"; K.*; BD"

Green roof substrate: 8s”; 0r”; K;
BD"

Gravel: 0s%; 0r"; K; BD?

Clay: 6s; r"; K, BD?

0.2; 0.001; 1e—009; 1700
0.347; 0.055; 0.001; 1150
0.347; 0.055; 0.0001;
1700

0.45; 0.05; 0.005; 1700
0.475; 0.072; 1e —009;
1500

Notes:

* Saturated moisture content.

" Residual moisture content.

© Saturated hydraulic conductivity.

< Bulk density (adopted from i.e., Landeshauptstadt Miinchen, 2016; Losken et al.,
2008; Twarakavi et al., 2010).
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different climate conditions a set of scenarios is tested in this study.
Trees and extensive green roofs were selected as UGI types. Especially
roofs planted with dense, drought resistant vegetation of little height
are well suitable for residential buildings as well as retrofitting the
existing building stock (Ahiablame et al., 2012). The scenarios were
developed in cooperation with urban planners in Munich with the
objective to increase the awareness for the effects potential extreme
situations could have compared to likely and realistic future situations.

The scenarios start from the ‘Baseline’, to which UGI was either
removed or added. The ‘Baseline’ scenario represents the current
greening situation in the case area. The ‘No green’ scenario stands for
a worst case development, where all vegetation was lost and surfaces
were completely sealed. In the realistic scenarios ‘RoofR’ and ‘TreeR’
either green roofs or trees in planting pits were implemented where it
appeared to be technically and spatially feasible without major
modifications of the buildings and the open spaces: green roofs on flat
roofs of the courtyard buildings, trees with a distance of min. 10 m from
each other and due to the limited street canyon width only along one
side of the street (Pfoser et al., 2013). The maximum scenarios ‘RoofM’
and ‘TreeM’ stand for extreme cases, where vegetation could be added
to theoretically all available spaces, acknowledging that this is not
likely to happen in reality Thus, all building tops were greened and
trees were planted into planting pits on sidewalks, parking lots (on both
sides of the streets) and courtyards. Only the streets were kept free from
tree plantings. Trees were again planted as single stands with a distance
of min. 10 m from each other. Finally, a combined scenario of green
roofs and trees was developed (‘Combi’) to test potential synergies and
trade-offs of implementing both UGI types at the same time. For the
‘Combi’ scenario the spatial design of ‘TreeR’ and ‘RoofR’ was merged.
In all scenarios, the current vegetation of the ‘Baseline’ was preserved,
in case of overlapping of vegetation types priority was given to the type
with the higher LAI value. The added vegetation was either a 15 m tall
street tree with LAI of 6.1, e.g. Norway maple (Acer platanoides), with
planting pits of 3 m diameter or extensive green roofs covered by grass
(LAI=3.0) with a substrate layer of 0.2m thickness according to
existing greening regulations (Landeshauptstadt Miinchen, 2016;
Losken et al., 2008). The spatial arrangements of all scenarios except
‘Combi’ correspond to the scenarios presented in Zolch et al. (2016).
Fig. 2 shows maps of the different scenarios.

Finally, from 14 simulated scenarios, results in m* are presented for
surface runoff and the main hydrological processes of evapotranspira-
tion, infiltration and interception contributing to changes in surface
runoff, averaged for the whole case area consisting of 26,430 cells for
three days before and one day after the heavy rain event (02/06/2003
16:00 to 07/06/2003 00:00 and 02/05/2001 16:00 to 07/05/2001
00:00). To evaluate also the temporal occurrence of surface runoff time
series for few hours before and after the heavy rain event are displayed.
All values are summarized in Annex 1.

3. Results
3.1. Impact of future climate change on urban hydrology

In the first place the effects of heavy rain events under today's and
future climate conditions on surface runoff and the urban water balance
are examined by means of the ‘Baseline’ scenario. In both climate
conditions precipitation represents the main water influx into the case
area. The water received then contributes to either an outflow i.e.,
surface runoff discharged to the sewage system, evapotranspiration or
subsurface flows, or an increase of the water storage within the system.
For the smaller heavy rain event of the 2-year return period 95.7% of
the precipitation are discharged, whereas only 2.7% contribute to
evapotranspiration and 0.8% to groundwater recharge. The evapotran-
spiration rate displays an aggregated value from plant transpiration,
soil evaporation and evaporation from ponded water, either from
surface runoff or canopy interception. In the case area only 6.4% of
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Fig. 2. Maps of all greening scenarios including share of green cover and permeable surfaces.

the area are greened, hence evapotranspiration from interception
remains relatively low. Moreover, there is only 2% permeable surfaces
e.g. tree pits below the tree's crown areas, where water can infiltrate
through the topsoil and in the following contribute to soil evaporation,
plant transpiration or groundwater recharge. This means that the
amount of infiltrated water is less than the water demand for
evapotranspiration and as a consequence water is taken from the
saturated zone, the storage there changes (compare Appendix A). In
the 5-year return period, which represents a typical heavy rain event as
projected for the future, the rainfall intensity is higher and 96.7% are
discharged. Thus, the relation between the precipitation event and
amount of surface runoff stays relatively even under different rainfall
intensities (Fig. 3). The higher rate of surface runoff compared to
today's climate conditions results from the larger amount of precipita-
tion in the same time step and the immediate discharge from the
surface. Fig. 4 supports that the major amount of the heavy rain event is
drained away within the hour of occurrence. In return, water has
proportionally less time to infiltrate, evapotranspire or be intercepted,
these rates decrease to a small extent. This negative correlation of
rainfall intensity and water retention is consistent with the findings of
Carter and Rasmussen (2006), Wang et al. (2007) and Wang et al.
(2008).

3.2. Runoff regulation potential of green infrastructure
By adding additional vegetation to the ‘Baseline’ scenario surface

runoff is decreasing. The highest percentage of 97.3% of water is
drained in the ‘No Green’ scenario without any vegetation in the 5-year
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return period. The lowest values of 80.9% are achieved in the ‘RoofM’
scenario in the 2-year return period, where approx. half of the case area
is greened with extensive green roofs. The maximum reduction of
surface runoff between ‘Baseline’ and ‘RoofM’ achieved in the 2-year
return period is 14.8%, in the 5-year return period 14.4%. Parallel to
the decline in surface runoff an increase in evapotranspiration is
detected (Fig. 5). The biggest increase can be attributed to soil
evaporation and plant transpiration. Another effect of increasing
vegetation in the scenarios observed are the increased rates for water
uptake from the saturated and unsaturated zone needed for transpira-
tion during dry summer months. This leads to deficits in the storage of
the unsaturated zone. Due to this additional water influx the increase of
evapotranspiration turns out higher than the achieved reduction of
surface runoff. Under future climate conditions the reduction of surface
runoff within the greening scenarios is slightly smaller than under
today's conditions as with higher rainfall intensities less water can be
retained and made available for evapotranspiration and infiltration.
Most effective for runoff reduction is the scenario with the highest
percentages of green cover and permeable surfaces, ‘RoofM’ with 54.3%
green cover. In the other greening scenarios, the maximum difference to
the ‘Baseline’ reaches 2.4% of runoff reduction in the ‘Combi’ scenario
while having 22.7% of green area. ‘TreeR’ and ‘RoofR’ hold almost the
same share of green cover (approx. 15%), the same is true for their
surface runoff rates of 94.8% and 94.2% respectively for the 2-year
return period. Nevertheless small differences in evapotranspiration and
storage change occur due to the higher share of permeable surfaces in
the ‘RoofR’ scenario. On the contrary, the ‘Combi’ scenario allows the
evaluation of trees and green roofs together. The set up combines the
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Fig. 3. Changes in runoff volume in relation to the total precipitation amount in 2- and 5-
year return period for the ‘Baseline’ scenario. In ‘Other processes’ the values for
irati d h: storage change and others are summarized

(compare Appendix ;).

tree cover of ‘TreeR’ and the green roof cover of ‘RoofR’, which for
surface runoff results almost in the sum of the two single scenarios. The
deviation results from the overlay of tree crowns over green roofs in the
backyards and thus, the inclusion of only the tree layer in the 2-
dimensional simulation.

Fig. 6 shows the parameter surface runoff of the 2-year return
period in hourly time steps for all scenarios. The great majority of
rainfall is drained away directly after the precipitation event. Through-
out the scenarios, a steady reduction in peak discharge with increasing
vegetation share is observed. Overall reductions of peak discharge
amount to 3% between ‘Baseline’ and ‘Combi’ and 16% between
‘Baseline’ and ‘RoofM’. For the hour after the heavy rain event this
pattern disappears, as storage capacities provided by the green infra-
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Fig. 5. Changes in runoff volumes in 2- and 5-year return period for all scenarios (above:
2-year, below: 5-year return period).

structure have reached their limits, e.g., canopy interception or
unsaturated soil. The hourly results for the greening scenarios do not
differ from the ones of the ‘Baseline’ (compare Fig. 4) in terms of time
lag until the rainfall is discharged. In all scenarios the main part of the
rainfall event disappears within the first hour from the surface. To
detect small time shifts in peak surface runoff the chosen time step of
1h in input and output data might be too large as there are studies
showing that for instance the influence of green roofs on delaying peak
discharge already starts from time intervals of only minutes after the
rainfall (e.g. Carter and Rasmussen, 2006; Getter and Rowe, 2006).

13:00 14:00 15:.00 16:00 17:00 18:00 19:00 20:00 21:00

mBaseline 2y = Baseline 5y

Fig. 4. Surface runoff in the ‘Baseline’ scenario in hourly time steps before and after the heavy rain events (2- and 5-year return period).
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Fig. 6. Surface runoff for all scenarios in hourly time steps before and after the heavy rain event of the 2-year return period.

4. Discussion

The results of this study confirm that in areas with a high share of
impermeable surfaces after heavy rain events the major proportion of
rainfall turns into overland flow, from where the water is then
discharged into the sewer. The proportion of surface runoff further
increases under climate change as intensities of heavy rain events rise.
The magnitude of runoff values is due to the small amount of vegetation
and permeable surface in the case area that could trigger higher
evapotranspiration, interception or infiltration rates. This is in line
with e.g. the results of Gill et al. (2007), Pauleit et al. (2005) and
Whitford et al. (2001) for highly built-up areas. Furthermore, the ‘No
green’ scenario supports the findings of J. Wang et al. (2008) and
Sjoman and Gill (2014), that an increase in impermeable cover
increases surface runoff regardless of rainfall intensity.

The study provides empirical evidence that the implementation of
greening scenarios with trees and green roofs has positive, but limited
effects on regulating surface runoff. The differences between the
scenarios in our study range from a reduction of runoff by 14.8% by
green roofs, 2.0% by trees and 2.4% by combining the measures. Hence,
except for the ‘RoofM’ scenario the magnitude of runoff reduction
through green infrastructure stays limited, as with high rainfall
intensities during heavy rain events their regulating functions have
limited capacities in retaining rainwater. A study undertaken for the
German city of Bochum comes to the same conclusion when analysing
interventions of greening and removal of impermeable surfaces
(Steinriicke et al., 2012) as well as other studies from different countries
or on single UGI measures (e.g. Wang et al., 2008; Xiao and McPherson,
2002). Moreover, the values presented here stand for the average values
calculated for the whole case area, which is also in the greening
scenarios mainly made up of unvegetated and sealed surfaces.

The positive effects of urban trees result from canopy interception
and an increase of evapotranspiration and infiltration. Our findings
confirm that the interception rates increase with a higher share of
vegetation, but that higher rainfall intensities in the 5-year return
period reduce this effect as also studies for urban forests in Maryland
and Santa Monica showed (Wang et al., 2008; Xiao and McPherson,
2002). This is due to the fact that the canopy only has the capacity to
store small amounts of rainfall depending on canopy crown and leaves
defined by the LAI (Livesley et al., 2014). In the chosen modelling
approach the maximum possible interception rate is calculated from a
fixed value for the storage capacity (0.05mm) and LAI leading to a
maximum value of 0.3 mm intercepted water per time step in this
study. This value is in line with the empirical results (0.26 mm) of
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David et al. (2006), but smaller than that determined (1.53 mm) by
Guevara-Escobar et al. (2007). As the storage is hence saturated within
the first hour of occurrence of the rainfall event (compare Guevara-
Escobar et al., 2007), the overall contribution of interception to
regulating stormwater is rather low (in our study interception makes
up for 0.2 (‘Baseline’) to 1.1% (‘TreeM’) of rainfall). Besides the
interception rate, also evapotranspiration is dependent on the LAL As
in our study design trees have the highest LAI of 6.1, the evapotran-
spiration rate almost doubles from ‘Baseline’ to ‘TreeR’ to ‘TreeM’.
Another effect of planting of trees is the increase of the share of
permeable surfaces through implementing tree pits. This enables higher
infiltration rates positively supporting the value of trees as stormwater
mitigation measure (Armson et al., 2013).

Green roofs positively influence the surface runoff regulation due to
their retention potential. The vegetation together with the substrate
store rainwater and make it available for evapotranspiration. This is
mainly displayed in higher rates of soil evaporation and results in a
runoff reduction between 1.4% and 14.8% for the situation in the case
study area. Other studies conclude that green roofs have a retention
potential between 20% and 100% of the rainfall depending on rainfall
intensity, substrate conditions and green roof design (e.g. Carter and
Rasmussen, 2006; Moran et al., 2003; Roehr and Kong, 2010). Water is
retained until water holding capacity is reached, which is faster during
rain events of higher intensities. The retention is further dependent on
initial substrate conditions. Under dry initial conditions infiltration is
higher (Teemusk and Mander, 2007; Villarreal et al., 2004), which is
also the case for this study with heavy rain events in dry summer
periods with only one small rain event a few days before the heavy rain.
Nevertheless, the retention capacity is limited, what can be seen by
comparing results for the 2- and 5-year results — for the 5-year return
period infiltration is smaller as capacity is faster reached due to more
intense precipitation. By improving the technical design of green roofs,
i.e., deeper substrates, additional drainage layers and intensive vegeta-
tion cover, better retention performance can be delivered as additional
storage capacity is provided (Dunnett et al., 2008; Mentens et al., 2006;
Stovin, 2010). Other than in natural soil the water retained by green
roofs cannot contribute to groundwater recharge because it is drained
from the roof by a connection to the sewer system.

When the UGI types of trees and green roofs are used in combina-
tion, as in the ‘Combi’ scenario, their regulating effects sum up as
expected with only the degree of green roofs overlaid by trees missing.
The combination leads to a greater reduction of runoff as both measures
increase the storage capacity through interception, evapotranspiration
and infiltration. Trees contribute with higher interception and evapo-
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transpiration rates, which is a result of their higher LAI and larger root
system. Green roofs on the other hand lead to permeable area within
the total amount of their green area and thus, allow for more
infiltration.

Although both UGI types contribute differently to the regulation of
urban stormwater, both are indispensable when planning adaptation
interventions to stormwater regulation. For urban planners it is
important to increase the water storage capacities above- and below-
ground and the possibilities for evapotranspiration within the area
under consideration, as those two factors show to have significant
effects on surface runoff (Fletcher et al., 2013). Taking the decision for
either one of the UGI types or combinations of them is then subject to
considerations of space availability for implementing the measures. The
results show clearly that both measures have comparable effects on
surface regulation with comparable spatial coverage (‘TreeR’, ‘RoofR’)
as well as that with higher shares of green and permeable areas also the
regulating effects increase (‘RoofM’). Here green roofs may have the
advantage of occupying space that is normally previously not used
(Stovin, 2010) and consequently not contributing to conflicts of open
space usage in highly built-up urban areas. From the stormwater
management point of view it might be important to place trees within
the flow routes of overland flow, as thereby additional surface water
can infiltrate in the tree pits. This needs further research e.g. in urban
areas with larger differences in elevation than our case area. Never-
theless, urban trees are not only valued because of their runoff
regulation, but for instance also for their heat mitigation potential
during extreme heat events. To improve thermal comfort the shading of
the trees on open spaces as well as building surfaces is the most
important function (Zolch et al., 2016). This needs to be considered
when placing vegetation strategically for effective climate change
adaptation.

Another aspect to be considered in decision-making are co-benefits
of UGI for other areas of urban planning as UGI is regarded as
multifunctional. For instance can UGI further support climate change
mitigation by sequestering and storing carbon emissions, biodiversity
by providing habitat, and social and health effects by i.e., providing
areas of recreation and for gatherings, filtering air pollutants and
reducing noise pollution (Coombes et al., 2010; Demuzere et al., 2014;
Hansen et al., 2016; Klemm et al., 2015; Strohbach et al., 2013). This
multifunctionality is one of the main benefits, when promoting UGI as
NBS for urban planning (EC, 2015).

The results of this study are based on a hydrologic modelling
approach of a small-scale urban area, which leads to limitations and
uncertainties regarding the chosen approach. First, data requirements
for hydrological modelling are high and especially in urban areas
complex due the finer scale and the highly heterogeneous urban
structures (Salvadore et al., 2015). This and the fact, that the MIKE
SHE model is usually implemented for addressing hydrological model-
ling of large catchment scales of up to or even more than 100 km? and
for daily time steps (Jaber and Shukla, 2012), made ita complex task to
set up the model and run it in stable conditions. By carefully testing
various technical settings in the modelling software it was finally
possible to identify the best mode of the model for the respective spatial
and temporal situation of this case study. Consequently, the presented
approach is transferable to other cities and larger case study areas, if
spatial data is available. Second, it was not possible to validate the
model with empirical data from measurements as such data was missing
for the case study area, hence this study focuses on the differences
between the scenarios and not absolute values for the runoff volume.
Nevertheless, the results are expected to be sound as they are in line
with several other studies in this field and as the setup has been
developed in close cooperation with the developers of the software.
Furthermore, we conducted sensitivity analyses to test which para-
meters of the model setup are most influential on the magnitude of the
results. Results showed that especially the parameters responsible for
calculating retention capacities (e.g. LAI, soil characteristics, paved
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area function) need to be set carefully, whereas others can be general-
ised to reduce efforts in setting up the model.

One of the major obstacles to overcome was the lack of data on the
actual sewage system. For this study this limitation was solved by using
the paved area function, which worked well to generate results on the
UGI effects on surface runoff, but has limitations in projecting a realistic
behaviour of the sewage system's capacity during heavy rain events.
This was negligible for the design and scope of this study as urban
sewage systems in Germany are generally designed to be capable with
(smaller) heavy rain events of 2- and 5-year return periods (DWA,
2006) and thus, there was no direct need to be able to simulate the
overload of the drainage system. However, the results allow the
indication that UGI can reduce the total amount of water discharged
into canalisation and, even though at the micro-scale of the study the
proportions are small, at city wide scale UGI could lead into a reduction
of the storage capacities required by sewer operators.

The choice of vegetation parameters is pivotal to assess the effects of
UGI on urban hydrology. Evapotranspiration processes might be under-
estimated for the urban catchment by applying the commonly used
Penman-Monteith equation, as evapotranspiration of urban vegetation
is characterised by higher spatial variability than in natural areas. As
suggested by Nouri et al. (2013) different methods need to be tested if
they approximate more accurately the reference evapotranspiration in
an urban catchment (Nouri et al., 2013). The evaluation of future
climatic changes on the water balance was based on an intensification
of the heavy rain event. Changes in temperatures during summer
months would be important to include in further studies, as this has
an influence on evapotranspiration patterns (Fletcher et al., 2013;
Salvadore et al., 2015). Moreover, even though green cover has been
increased in the scenarios, the proportion of permeable areas is still
rather limited, especially in the tree scenarios, where the share of
permeable areas was just increased in form of planting pits around the
tree stem. As it could be shown that providing water storage capacity
and increasing possibilities for evapotranspiration and infiltration are
pivotal to regulate surface runoff, also stormwater management prac-
tices like rain gardens could be very effective and thus interesting to be
tested in further studies. Finally, the study has a high relevance despite
its limitations because it fills the gap between city wide assumptions on
UGI capacity to regulate surface runoff (e.g. Gill et al., 2007; Sjoman
and Gill, 2014) and empirical studies on the hydraulic behaviour of
single green roofs (e.g. Gregoire and Clausen, 2011) by successfully
applying a complex modelling setup in a new temporal and spatial
scale.

5. Conclusion

Urban green infrastructure as nature-based solution to regulate
surface runoff becomes increasingly important, as climate change and
urbanisation alter the urban water balance. The present study assessed
the performance of two UGI types, trees and green roofs, on relevant
hydrological processes, especially surface runoff. The two measures
were applied in scenarios of different greening quantity and for heavy
rain events of different intensities as projected for the future. This
scenario approach revealed that both trees and green roofs contribute
positively by interception, evapotranspiration and infiltration.
Differences in their performance showed to be dependent on the
greening quantity, share of permeable surfaces, LAI and finally,
intensity of the rainfall event. Generally, their effectiveness remains
low under heavy rain events, unless a significant proportion of the case
area is greened to provide sufficient water storage capacities (Artmann,
2014).

For urban planning the presented results have practical implications
for the selection of UGI types to reduce surface runoff volumes and in
consequence reduce discharge loads, the sewage system has to handle.
An effective nature-based solution increases the storage capacities
within the area of interest as much as possible, while using open spaces
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Table A1
Relevant hydrological for all and 2- and 5-year return period. Notes: * e.g. evaporation from detention storage, boundary outflows, model error.
SCENARIO

RETURN PERIOD Hydrological process in m* No Green Baseline TreeR RoofR TreeM RoofM Combi

2-YEAR Precipitation -779.0 -779.0 -779.0 -779.0 -779.0 -779.0 -779.0
Surface runoff 750.7 7457 738.6 7339 729.6 630.2 726.8
Evapotranspiration 0.0 20.8 50.5 49.1 87.1 190.4 783
Evaporation from interception 0.0 2.0 4.8 4.0 8.2 14.3 6.7
Soil evaporation 0.0 3.9 9.3 121 15.9 53.3 17.3
Plant transpiration 0.0 12.5 30.6 30.4 52.8 119.1 48.5
Evaporation from overland flow 0.0 2.5 5.9 2.7 10.2 3.7 5.9
Groundwater recharge 0.0 6.0 13.6 5.9 219 5.6 16.5
Storage change 0.6 -75 -20.1 -23.1 -36.3 -112.7 -323
Others* 27.7 14.0 -3.6 13.2 -233 65.6 -10.3

5-YEAR Precipitation —978.8 -978.8 —-978.8 —978.8 -978.8 -978.8 -978.8
Surface runoff 952.3 946.6 938.5 932.6 928.3 805.7 924.7
Evapotranspiration 0.0 15.7 381 385 65.9 153.6 59.8
Evaporation from interception 0.0 2.0 4.9 4.1 8.5 14.8 6.9
Soil evaporation 0.0 3.1 7.4 8.0 12.8 331 121
Plant transpiration 0.0 8.9 221 244 383 101.9 36.8
Evaporation from overland flow 0.0 1.6 3.7 1.9 6.3 3.8 39
Recharge to saturated zone 0.0 2.8 6.5 27 10.1 2.1 7.8
Storage change 0.6 -6.3 -16.7 -148 -30.3 -704 —-222
Others* 259 20.1 125 19.7 4.8 87.8 8.8

that have not been used previously and/or while providing benefits to
other areas of urban planning. Trees increase the storage capacity
mainly by intercepting and evapotranspiring rainwater, their infiltra-
tion capacity is limited to the tree pits. But trees can normally not be
implemented in large quantity in dense urban areas due to their
requirements of open space. Green roofs on the other hand, provide
storage capacity mainly by retaining rainwater in their substrates and
can be implemented at larger scale on previously unused roof surfaces.
Furthermore, both types are multifunctional and can provide co-
benefits for urban planning. The approach represents a first step in
allowing planners as well as operators of sewage systems to estimate
reductions in runoff volume when locally implementing UGI measures.
These estimations could be further improved by integrating additional
stormwater management practices and the drainage system in more

Appendix A

See Table Al.
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