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Abstract

ABSTRACT

The three studies in this dissertation investigate the interdependent influence of various
environmental features in Urban Green Space (UGS) on human thermal comfort at the
microscale. This research pertains to microscale urban climatology. Urban climatology is an
interdisciplinary field focused on advising urban construction to achieve the preferred urban

climate.

Microscale urban climatological studies have more application potential than those at
meso- and local scales. Yet, current limitations in microscale urban climatological research
hinder realizing this potential. Firstly, the costs of microscale studies are generally high.
Secondly, it is difficult to apply the research results elsewhere. As a results, the high-cost
microscale studies must be continuously repeated in various locations. The challenge of
generalizing research results is a common limitation in urban climatology. Approaches have
been proposed to alleviate this limitation in urban climatological studies at meso- and local
scales. However, there is a lack of such attempts at the microscale.

This research aims to propose an approach contributing to the generalization of research
results in microscale urban climatological studies. This approach upgrades from the previous
single-parameter approach to a multi-parameter approach. The multi-parameter approach views
the UGS holistically by exploring the interdependent influence of various environmental
features on human thermal comfort. The interdependent influence can enhance the
comprehensiveness of results, improve the results generalization, and facilitate the knowledge

transfer into specific guidelines for climate-adaptative UGS design and planning.

To explore the interdependent influence, the multi-parameter approach utilizes the
factorial experimental design. The microclimate model ENVI-met is used to simulate scenarios
in the factorial experiments. The simulations are conducted on idealized and simplified
scenarios to minimize the research costs. To control the research cost, the Latin Hypercube
Sampling (LHS) design is adopted to sample a subset of scenarios from the factorial experiment
for field measurement and simulation. For result applicability, this research evaluates UGS
cooling effects using both climatic parameters and biometeorological index -- Physiological
Equivalent Temperature (PET). PET values in this research are calculated using the RayMan

model.
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Abstract

This thesis comprises three independent studies on the interdependent influence of
various environmental features of UGS on human thermal comfort. The following common
conclusions can be drawn from these three studies. Firstly, different environmental features
influence the cooling effects of UGS in an interdependent way. Specifically, the correlation
between an environmental feature and the PCI effect depends on various environmental
features. Secondly, the multi-parameter approach is significantly superior to the single-
indicator approach in comprehensively and accurately capturing the interdependent influence.
Additionally, these three studies provide specific and generalizable suggestions for the climate-
adaptative UGS design and planning, demonstrating the capability of the multi-parameter
approach to enhance the applicability and generalizability of findings in urban climatological

studies.

The characteristics of the multi-parameter approach include the following three aspects.
At the practical level, it can provide specific guidelines for practical UGS design and planning;
at the research level, it explores the interdependent influence of multiple environmental features
on human thermal comfort; and at the philosophical level, it adopts the holistic view. This
research is not only an attempt to enhance methodology and promote the application of research

results, but also a manifestation of the philosophical paradigm shift in urban climatology.
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Chapter 1:Introduction

Chapter 1: Introduction

1.1 Research Area

This research belongs to the area focusing on the influence of spatial morphology of
Urban Green Space (UGS) on human comfort at the microscale. It is a subfield of urban
climatology that concentrates on the Park Cool Island (PCI) effects of UGS. Urban climatology
is a manifestation of Climate Change Adaptation (CCA) in urban spaces. CCA and Climate
Change Mitigation (CCM) are the two main branches of the field of climate change. The

hierarchical relationship among these research areas is illustrated in Figure 1-1.

Figure 1-1 Hierarchical relationship among the research areas to which this research belongs.

1.1.1 Climate Change Adaptation (CCA) in Urban Areas

Global warming poses a serious threat to humankind’s survival and development. Despite
significant efforts to mitigate this crisis, the pace of climate change has not slowed as expected.
The reality that humans will inevitably live in a changing climate for a long period has been
acknowledged (Klein et al., 2007; Verbruggen, 2007). In this context, rapid adaptation to
climate change is important. In its 2014 glossary, the Intergovernmental Panel on Climate
Change (IPCC) defined Adaptation as:
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The process of adjustment to actual or expected climate and its effects. In human
systems, adaptation seeks to moderate or avoid harm or exploit beneficial
opportunities (IPCC, 2018, p. 1758).

Cities, serving as dense human settlements, house 55% of the world’s population (United
Nations, 2018). Due to the high density of human activities, the climatic environment in cities
is significantly worse than in other regions. Particularly in recent decades, rapid urbanization
and global warming are jointly rendering urban climates around the world less liveable (Meehl
and Tebaldi, 2004). The worsening urban climate is causing thermal discomfort and health risks
for urban dwellers (Mihalakakou et al., 2004; Pantavou et al., 2011; Patz et al., 2005). Urban
heat waves have shown a strong correlation with morbidity and mortality among the elderly
living in urban areas (Astrom et al., 2011; Fouillet et al., 2006). Furthermore, the air
conditioning and electricity used to cool down cities is exacerbating global warming
(Kolokotroni et al., 2007). All the above factors underscore the urgent need to implement
Climate Change Adaptation (CCA) in urban areas. Over the past approximately 40 years,
research intensity in urban climatology has been increasing, parallel to the growing attention to
climate change (Hebbert and Mackillop, 2013).

1.1.2 Brief Overview of Urban Climatology
1.1.2.1 Definition of Urban Climatology

Urban climatology, a branch of climatology, is specifically concerned with urban areas.
Rather than being a separate discipline, urban climatology is more of a “cross-disciplinary
field” (Hebbert and Mackillop, 2013, pp. 1542-1543). Jankovi¢ defines urban climatology as
“a study of anthropogenic processes in urban atmospheres” (Jankovi¢, 2013, p.540),
considering urban form and function as environmental factors and modifiers of local climate.
Urban climatology also examines how urban spatial structures, such as buildings, blocks, and
landscapes influence airflow, turbulence, air temperature, humidity etc., shaping the specific
local climate pattern. Oke (1984a), on his part, defined urban climatology in terms of a

comparison with urban meteorology:

The study of the physical, chemical and biological processes operating to produce,
or change the state of, the atmosphere in cities is called urban meteorology. The
study of the resulting preferred states of their atmospheres is urban climatology.

From the above, we can see that urban climatology is characterized by its concern with

how urban anthropogenic processes affect the urban climate. The motivation behind this



Chapter 1:Introduction

concern is to achieve the “preferred states” of the urban atmosphere by adjusting anthropogenic
urban infrastructure (Brazel and Quatrocchi, 2005; Oke, 1984a).

1.1.2.2 Horizontal Scale and Vertical Scope

Urban climatology primarily studies the atmospheric boundary layer. When researchers
study the urban infrastructure at different scales, they investigate its influence on corresponding
atmospheric layers within the boundary layer. The urban infrastructure at the microscale,
including individual buildings, streets, and trees, primarily influences the Urban Canopy Layer
(UCL), i.e., the layer of air below the mean height of the urban rooftop, as well as the roughness
sublayer. At the local scale, large neighborhoods with street canyons, buildings, and gardens
influence the air at the surface layer. At the mesoscale, distinct urban terrain zones and large
urban green patches influence the internal boundary layers in each zone. These components
mix together and form the Urban Boundary Layer (UBL)(Figure 1-2) (Oke, 19844, 1997, 1998).
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Figure 1-2 ldealized vertical structure of the urban atmosphere over (a) a whole city
(mesoscale), (b) a single urban terrain zone (local scale), and (c) a single street canyon
(microscale) (Oke, 1997, p. 305).

1.1.2.3 Evolution of Research Objects and Methods

Objects in urban climatology were roughly categorized by Oke into three aspects:
climatography, physical climatology, and applied climatology. Climatography refers to the
description and presentation of urban climate information. Physical climatology indicates the
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meteorological explanation of climatic features. Applied climatology refers to the use of
climatic knowledge in practical problem-solving (Oke, 1984a). Since the 1980s, with the
growing urgency of global warming, the focus of urban climatological research has shifted to
applied climatology. Numerous studies have explored the relationship between urban
environmental features and the urban atmosphere to identify the urban land-surface form that
can create the preferred urban climate (Bérring et al., 1985; Johnson and Watson, 1984; Oke,
1981).

From the 1950s to the 1970s, major studies in urban climatology were descriptive,
attempting to optimize data collection methods to obtain a more comprehensive and accurate
description of the Urban Heat Island (UHI) effect. For instance, Sundborg (1950) and Chandler
(1965) studied the UHI effects of Lund and London using the transect method, which enables
the observation of meteorological variables that respond more conservatively in shorter time.
With the increase in the amount and accuracy of observational data, empirical research on
relationships between urban climatic parameters and urban environmental and economic
parameters began to emerge. Chandler (1967) investigated the effect of urban form on air
temperature in Leicester; Daniels (1965) examined the correlations between the UHI effect and
air pollution; Oke (1973) explored the empirical numerical relationship between urban

population and UHI intensity.

In the 1980s, with Oke's research being representative, the study of urban climate forcing
factors gradually shifted focus to the geometry and morphology of urban space. In 1981, Oke
studied the influence of building height, street width and Sky View Factor (SVF) on UHI
intensity. He also constructed an empirical numerical model applicable to different cities (Oke,
1981). For a long time after that, the urban canyon, with SVF and aspect ratio (H/W) as the
main environmental parameters, was one of the most studied urban climate modifiers in urban

climatology (Bérring et al., 1985; Johnson and Watson, 1984).

Urban climatology’s development is inseparable from technological advances. Technical
advances in satellite remote sensing in the 1980s and in climate modeling in the 1990s propelled
urban climatological research into a highly active phase. Urban climatological research after
the 1980s exhibited a broader scope, more diverse methods, and higher precision and accuracy

compared to previous studies.

Since 1982, when the multispectral scanning radiometer Landsat Thematic Mapper (TM)
was carried on board Landsat 4 (European Space Agency, 2020), it has been possible to derive

continuous Land Surface Temperature (LST) from the data collected by this TM sensor (Price,
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1984; Zhengming and Dozier, 1989). Since that time, the empirical study of urban climatology
has reached a new level beyond the limitations of land surface observation. By combining
Landsat TM data with geospatial analysis techniques, which were developed around the same
time as the Geographic Information System (GIS), researchers can study the influence of urban
morphology on the urban climate on a larger scale. For example, some studies have introduced
parameters such as Land Shape Index (LSI), Edge Density (ED), and Nearest Neighbor
Distances (NND) to describe the influence of the shape, fragmentation and connectivity of
green patches on the thermal environment (Connors et al., 2013; McGarigal and Cushman,
2002; Zhou et al., 2011). Ecology, urban planning, landscape architecture, and other related

disciplines increasingly participate in urban climatology.

With the rapid improvement in computer processing capacity (Moore, 1998), the physical
climatological aspect of urban climatology has advanced significantly through climate models.
The development of climate models has greatly expanded the possibilities of urban
climatological research, making it possible to predict future urban climates and simulate

scenarios which do not yet exist, thus providing suggestions for future decisions.

Currently, two main types of models are used in urban climatological research. One type
refers to climate models on urban scale, which are represented by WRF/UCM (Chen et al.,
2011), COSMO/CLM (Schubert and Grossman - Clarke, 2014), MUKLIMO _3 (DWD, 2024a;
Sievers, 2012). The spatial resolution of these models is in most cases larger than 100 meters.
This means that these models are generally used to study an urban neighborhood or an entire
city. Since 2016, the German research program [UC]? has been developing the high-resolution
urban climate model PALM-4U, with grid spacing <10 meters, capable of building-resolving
simulation (DWD, 2024b; Steuri et al., 2020). When nested with Regional Climate Models
(RCMs) and General Circulation Models (GCMs), these top-down models make it possible to
predict urban climate for the coming decades. The other type refers to the CFD models that are
specifically applicable to microclimate. They are represented by ENVI-met (Bruse and Fleer,
1998; Sebastian and Bruse, 2009), ANSYS Fluent (Gromke et al., 2015), and STAR-CCM+
(Santiago et al., 2014). These models typically conduct three-dimensional simulations on small
urban spaces, with spatial resolution as high as 1 meter. Studies at this microscale usually
consider human thermal comfort. 3D radiation models such as RayMan (Matzarakis et al.,
1999), SkyHelios (Matzarakis et al., 2021; Matzarakis and Matuschek, 2011), and SOLWEIG

(Lindberg et al., 2008) are often used to calculate the human thermal comfort indices.
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Over its approximately 200 years of development, urban climatology has evolved from
the first simple observations of the UHI effect to the current extensive research on the climatic
effects of various urban spatial factors at various scales. With the increasing amount of data
and advanced modeling techniques, the reliability of the current description, interpretation, and
prediction of urban climate has reached a high level. To optimize the urban environment, more
and more specific suggestions derived from urban climatological research have been proposed.
Urban climatology is moving closer to the definition given by Oke in 1984, “a discipline that
aims at the preferred status of urban atmosphere” (Brazel and Quatrocchi, 2005; Oke, 1984a).

1.1.2.4 Expectations for Applying Urban Climatological Knowledge

In the early stages of urban climatology development, scientists broadly acknowledged
the significance of applying urban climatological knowledge to civilian contexts, particularly
in planning, designing, and constructing urban infrastructure. Landsberg has termed this matter
“knowledge circulation”, denoting the flow of knowledge from scientific meteorology to the
practical construction of urban infrastructure (Hebbert and Mackillop, 2013). Itis also regarded
as a facet of applied meteorology directed towards urban construction (Bitan, 1984; Oke,
2006b).

Since the mid-20th century, numerous eminent researchers in urban climatology have
endeavored to facilitate the transfer of urban climatological knowledge. In 1947, Helmut

Landsberg proposed:

one of the surest ways of improving the performance of individual buildings and
whole cities would be to incorporate microclimatic knowledge into their design
(Landsberg, 1947, p. 119),

advocating for the thoughtful consideration of microclimate in architectural design and

urban planning. In The Urban Climate (Landsberg, 1981), he emphasized:

the knowledge we have acquired about urban climates should not remain an
academic exercise on an interesting aspect of the atmospheric boundary layer. It
should be applied to the design of new towns or the reconstruction of old ones
(Landsberg, 1981, p. 255),

underlying the significance of knowledge transfer in urban climatology. In 1976, Tony
Chandler asserted in World Meteorological Organization (WMO) Technical Note 149
(Chandler, 1976) the imperative and urgency of considering climate as a design factor in urban

design and planning. He stated:
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faced with the exponential growth of the world’s population and the accelerating
pace of urbanization it is clear that our cities must, where appropriate, be
purposefully planned in order to optimize the environment of urban areas and avoid
a series of structural and functional design failures. Climate is an essential element
in this planning (Hebbert, 2014).

Das Stadtklima written by Albert Kratzer is a representative book in the field of urban
climatology. A primary argument in this book is that “urban climate does not need to be
accepted as a fact but could, and should, influence the public benefit” (Hebbert, 2014; Kratzer,
1956).

Timothy Richard Oke stands out among the numerous representatives of urban
climatology, notably for his substantial contributions to the knowledge circulation in this field.
Over more than two decades, from 1984 to 2006 (Oke, 1984b, 2006b), Oke has consistently
underscored the importance of applying urban climatology in urban design and planning
through a number of articles. Moreover, the majority of his studies have been committed to

advancing the application of urban climatological knowledge from various perspectives.

Urban planners and architects also assign significant importance to integrating climatic
knowledge in their work. Fundamentally, one of the primary objectives of urban design and
planning is to create human settlements that maximize livability. The climate is undoubtedly
an important factor affecting the livability of settlements. Consideration of climatic elements
dates back to the early history of architecture. In Roman times, Vitruvius's De Architectura,
which was afterwards widely known as The Ten Books on Architecture, deliberated on the
correlation between wind direction and street orientation, noting that “if the streets run straight
in the direction of the winds then their constant blasts rush in and sweep the streets with great
violence” (Erell, 2008; Vitruve et al., 1999). In many locations, it is not difficult to find details
in local traditional building that show how people considered climatic factors (Brown, 2010;
Foruzanmehr, 2015; Pozas and Gonzalez, 2016; Xu et al., 2016).

In contemporary architecture, landscape architecture, and urban planning, the
consideration of climatic factors is indicative of an advanced approach. With the ongoing
process of climate change, an increasing number of urban design and planning projects demand
climate knowledge, leading to greater involvement of urban planners and designers in urban
climatological research (Eliasson, 2000; Ng, 2012; Page, 1968).
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In 1963, architect Victor Olgyay published his book Design with Climate: Bioclimatic
Approach to Architectural Regionalism, which is recognized as a cornerstone of bioclimatic
architecture (Olgay and Olgay, 1963; Olgyay, 2015). This book provides step-by-step guidance
on understanding and applying bioclimatic principles to achieve climate-comfort in
architectural designs across different climatic zones. Over the past 60 years, these principles
have been built upon and expanded. For outdoor environments, landscape architect Robert
Brown, in his book Design with Microclimate: The Secret to Comfortable Outdoor Space,
discusses how a thermally comfortable microclimate is fundamental to a well-loved and well-
used outdoor space. He also proposes general processes and specific guidelines for designing
outdoor spaces that optimize human thermal comfort (Brown, 2010). Brown’s strategies for
modifying microclimate primarily focus on using landscape elements to influence solar
radiation, terrestrial (long-wave) radiation, wind, and humidity. Andre Santos Nouri (2018)
aggregates possible approaches for modifying outdoor thermal comfort into four Measure
Review Frameworks (MRFs): Green MRF (using urban vegetation), Sun MRF (using artificial
shelter canopies), Surface MRF (using cool materials), and Blue MRF (using water and misting

systems).

A growing number of countries and cities worldwide are recognizing the importance of
incorporating climate adaptation into the urban planning process and are working to promote

this integration through the development of regulations, standards, guidelines and tools.

In Germany, the Bundesbaugesetz (BBauG, Federal Building Act) amended in 1976 for
the first time included a requirement that “climate” must be taken into account when drafting
urban land-use plans (8§ 1 para. 6 of BBauG, 1976). Following the enactment of the Bundes-
Klimaschutzgesetz (KSG, Federal Climate Protection Act) in 2019, the current version of the
BBauG (last amended in 2023) now mandates that urban land-use plans should contribute to
ensure “climate protection” and “climate adaptation” (8 1 para. 5 of BauGB, 2017). In response
to the development of these statutes, guidelines and tools have been created to support climate-
friendly urban planning. In 1977, the state of Baden-Wurttemberg published the first version
of Stadtebauliche Klimafibel (Urban Planning Climate Primer) to provide urban planning
practitioners with essential climatic knowledge. This primer kept been updated according to
frequently asked questions from planning practice and became available online since 2007
(Ministerium fir Landesentwicklung und Wohnen Baden-Wirttemberg, 2012). In 2008, the
Urban Climatology Department of Stuttgart and the Association of the Stuttgart Region

published the Klimaatlas (Climate Atlas), which provides a spatial inventory of the current
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climate in the Stuttgart region, covering an area of 3654 km?. The atlas includes not only maps
of geographical and climatic data but also analytical maps, such as bioclimatic information
(Stadtklima Stuttgart, 2008). The Klimafibel and the Klimaatlas are closely related and
complement each other to offer comprehensive climate information and analysis for urban
planning in Stuttgart region (Nora, 2018). The experience in Stuttgart has demonstrated the
potential for climatic knowledge to influence urban planning through the phrases of municipal-
level urban land-use planning and the urban development framework planning
(Landeshauptstadt Stuttgart, 2022).

In China, the National Development and Reform Commission (NDRC), in collaboration
with eight other ministries, published the first National Climate Change Adaptation Strategy in
2013. This document provides guidance and serves as the foundation for national climate
adaptation efforts from 2014 to 2020. One of the key tasks outlined in this strategy is the
improvement of urban habitat environments to ensure human well-being (NDRC, 2013, p. 21).
In response to this national strategy, in 2016, the Ministry of Housing and Urban-Rural
Development (MOHURD) published the Action Program on Urban Adaptation to Climate
Chang. This document provides specific guidance for integrating climate adaptation into urban-
rural development efforts. Key requirements include considering climate change in urban
planning processes (8 2 para. 1 sentence 1), using public open spaces to improve ventilation
and mitigate the urban heat island effect (§ 2 para. 1 sentence 2) and leveraging urban greenery
to adjust the microclimate (§8 2 para. 4) (NDRC and MOHURD, 2016). In 2019, the
recommendatory national standard (GB/T 37529-2019)—Technical for Climatic Feasibility
Demonstration in Master Planning—was published. This standard demonstrates the potential
and outlines methods for incorporating climatic knowledge during the feasibility study phase
of urban planning. In addition to establishing standards, accumulating experience through pilot
cities is another key approach for the widespread implementation of climate adaptation. In 2024,
39 cities and districts were selected as pilot climate-adaptive cities. According to the second
National Climate Change Adaptation Strategy (NDRC, 2022, p. 40), by 2035, prefecture-level
cities and above will fully adopt the climate-adaptative initiatives tested by the pilot cities.

In summary, whether in the realm of urban climatology or urban design and planning,
there is a collective anticipation for the expansion of climatological knowledge to enhance the
urban built environment. The aim is to improve the urban climate and create liveable

environment in an efficient and scientific manner.
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1.1.3 Urban Green Space (UGS) and Park Cool Island (PCI) Effects

Urban climatological research on urban geometry and morphology has been conducted
not only for anthropogenic urban elements such as buildings and streets, but also for natural
elements such as vegetation and water bodies. Due to the evapotranspiration and shading effects
of vegetation, Urban Green Space (UGS) are considered an important means of mitigating the
UHI effect and alleviating urban heat stress (Boukhabl and Alkam, 2012; Terjung and
O'Rourke, 1981). Abundant research indicates that green spaces lower ambient air temperature
and regulate humidity in surrounding areas (Bowler et al., 2010; Chang et al., 2007; Spronken-
Smith and Oke, 1998), creating an “oasis effect”. This effect, known as the Park Cool Island

(PCI) effect, has gradually become an important branch of urban climatology.

Studies of PCI effects primarily investigate numerical relationships between the PCI
intensity and environmental features of UGS, such as vegetation structure, vegetation density
(Cao et al., 2010; Hardin and Jensen, 2007) , and layout of green spaces (Wilmers, 1990; Yu et
al., 2015; Zhang et al., 2009). This subfield of urban climatology has attracted an increasing
number of landscape architects and urban planners, who have directed research in this subfield
into a more practical direction, i.e., identifying UGS morphology for optimal PCI effects
(Bowler et al., 2010; Jauregui, 1990; Wong and Yu, 2005). The expectation behind these studies
is that the results can be used to guide the design and planning of UGS. These studies align
with “climate-adaptive design and planning” in urban planning and landscape architecture
(Cerra, 2016; Kleerekoper, 2017; Schuetze and Chelleri, 2011).

1.1.4 UGS & PCI at Microscale: Influence of Morphological Features of UGS on
Microclimate and Human Thermal Comfort.

This study specifically investigates how morphological features of UGS impact
microclimate and human thermal comfort at the microscale. The horizontal spatial resolution
at this scale ranges from 1 to 100 meters. The temporal resolution ranges from 1 hour to 1 day.
The atmosphere studied is at the Urban Canopy Layer (UCL). Since humans can tangibly
perceive space at this scale, many studies evaluate the microclimate in terms of human thermal

comfort using human biometeorological thermal indices.

Two main types of methods are used in this field: one is microscale numerical simulation,
and the other is field measurements, including questionnaires. Numerical simulation involves
using CFD microclimate models, as mentioned in the previous section (1.1.2). The
microclimate model used in this study is ENVI-met, a three-dimensional non-hydrostatic

prognostic model (Bruse and Fleer, 1998), which is statistically the most frequently used model
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in this field (Janicke et al., 2021; Tsoka et al., 2018). Studies using the ENVI-met model for
microclimate simulation in this field can be categorized into two types. One type uses ENVI-
met to simulate the environment of the entire investigated site (Erlwein et al., 2021; Sun et al.,
2017; Tang et al., 2022). The other type uses the model to simulate various simplified and
idealized scenarios (Deng et al., 2019; Morakinyo and Lam, 2016; Tang et al., 2022).

Studies employing field measurement methods typically utilize portable meteorological
monitoring devices for mobile traverse measurements (Ali and Patnaik, 2019; Yan etal., 2014),
or short-term, multi-fixed-point measurements (Amani-Beni et al., 2018; Cheung and Jim,
2019). Studies assessing human comfort also incorporate questionnaires to gather pedestrians'
subjective perceptions of the thermal environment (Chan et al., 2017; Manavvi and Rajasekar,
2022). Additionally, some studies employ scaled outdoor experiments, which is based on
dynamic similarity theory. In this method, researchers use concrete to build outdoor models
simulating urban neighborhoods, with potted plants placed in between to simulate urban trees
(Chen et al., 2020; Chen et al., 2021).

1.2 Research Objective: Enhancing Methodology to Generalize Research
Results at Microscale
Overall, the current research on the microscale cooling effects of UGS encounters the
limitations of high research costs and challenges in generalizing research results. In fact, the
challenge of generalizing research results and the consequent difficulty of results application is
a commonly faced problem in urban climatological research. Many researchers in urban

climatology have attempted to address this problem.

Among them, Oke’s research results stand out as particularly representative. He has
emphasized the importance of methodological enhancement in addressing the difficulty in
results generalizability and application. He has actively engaged in the methodological
exploration and has developed methods for categorizing and summarizing urban space,
including Urban Climate Zones (UCZ) and Local Climate Zones (LCZ). These methods have
proven valuable for the generalizing research results at the urban mesoscale. Yet, these methods

have not been applied to the urban microscale.

The microscale of urban climate and human thermal well-being has been attracting
increasing attention in recent years. Nouri has argued in several articles that the top-down
approach in urban climatology is inadequate for guiding decision-making at the local scale
(Nouri et al., 2021; Nouri and Bértolo, 2013; Nouri and Matzarakis, 2019). This is because

11
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GCM and RCM models often overlook fundamental climatic issues relevant to microscale
phenomena. To practically promote urban climate adaptation, it is essential to adopt a bottom-
up approach alongside the top-down method. The bottom-up approach is more human-centered,
focusing on identifying and adjusting local microclimatic factors to create thermally responsive
urban environments. Consequently, the human biometeorological system plays a crucial role in

the bottom-up approach.

This study attempts to extend Oke's methods from the mesoscale to the microscale. The
objective is to propose methodology applicable to the microscale, enhancing the generalization
of research results. This methodology aims to meet three objectives: achieving comprehensive

results, providing actionable suggestions, and ensuring reasonable research costs.

1.2.1 High Cost and Low Generalizability of Microclimate Studies

Presently, studies on the microscale cooling effects of UGS encounter a gap of
implementation. The study incurs high costs in time, manpower, and financial due to the high
precision required and the spatial complexity of the microscale urban space. However, the
results of microscale studies are often not comprehensive enough to serve as guidelines for

generalizable design behaviors.

Field measuring experiments entail significant financial and manpower costs. In
particular, the mobile traverse measurements demand substantial manpower to establish a
measurement campaign to rapidly traverse all measured points every hour of a 24-hour period.
Multi-fixed-point measurements involve high financial cost. Employing as many high-
precision sensors as possible is crucial in these measurements. Scaled outdoor experiments are
costly in both financial and manpower terms. The method of constructing an outdoor
experiment site is not widely replicable. However, despite the high research costs, the potential
for generalizing the results from field measurement experiments is limited. This is because field
measurements can be a description of the phenomenon, but it is difficult to explain the reasons
behind it. In addition, field measurements provide only a point-by-point description rather than
a global description. Due to the low cost-effectiveness in terms of generalization, increasing

number of microclimate studies are turning to numerical simulations.

In simulation experiments, the entire site simulations can provide specific decision-
making recommendations for a particular site, but they are time-consuming. Simulating a 36-
hour period (24 hours plus 8 hours spin-up time) for a 500-meter-diameter neighborhood can

take approximately a month. But the results of these studies are difficult to generalize to other
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sites. Therefore, many studies have started to incorporate the idealized scenario simulation
method. However, while the idealized simulation method can decrease simulation time costs,
it demands meticulous experimental design to generalize the results. The scenarios need to be
designed properly to ensure that important influencing factors are not overlooked. Furthermore,
it is necessary to find a realistic space that can reflect the idealized scenario and to conduct field
measurement experiments to evaluate the simulation results. Numerous studies employing
idealized simulations have the problem of overly simplistic scenario design or inadequate field

measurements.

1.2.2 Common Difficulties in Generalizability of Research Results

Although there are many studies on the climatic effects of UGS, the application potential
of these studies remains low. Most of the studies addressing the climate effects of UGS suggest
that the results can serve as guidelines for the urban design and planning (Eliasson, 2000;
Hebbert, 2014; Oke, 1984a). However, the recommendations from these urban climatological
studies are rarely considered in UGS design and planning. At present, it has been a consensus
that urban climatology has encountered an impasse in the knowledge circulation and
application (Erell, 2008; Frommes, 1982; Hebbert and Mackillop, 2013; Mills, 2006).

The low generalizability of the research results is a key factor contributing to the
challenges in applying urban climatological findings. When environmental conditions, study
scales, and study methods change, different studies investigating the same relationship can
come to completely different conclusions (one example can be seen in section 3.1). However,
each city is unique in its land surface and its climatic context. The lack of results universality
has made urban climatology research unavoidably fall into endless case studies (Munn, 1973;
Oke, 2006b). If the findings of a study cannot be generalized, then there is little chance for them

to be transferred into applicable guidelines.

The undesirable consequences of the low generalizability of research results include not
only the implementation gap, but also the waste of research effort. In order to effectively
consolidate the research efforts of urban climatology to practically promote the climate change
adaptation at urban scale, the problem of generalizability of urban climatological findings needs

to be addressed.

Oke has expressed his concern about the lack of sound methodology in urban climatology
research to tackle the challenge of generalizing results. In his 2006 study, he noted that Lowry's

framework for estimating the impact of cities on climate variables (Lowry, 1977) is almost the
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only statement that involves methodology in urban climatology. Few studies have attempted a
methodological exploration after Lowry’s work. In Oke’s view, a unified methodological
guidance (e.g. in the form of an experimental control or manual ) to aid the design of research
and experiments would make a significant contribution to raising the standard of work in urban
climate (Oke, 2006b, p. 187).

1.2.3 Previous Efforts on Methodological Enhancements

Some researchers, represented by Oke, have started to try to make methodological
enhancements in the field of urban climatology to facilitate the application of the results.
Wanner and Filliger (1989) developed an orographic classification on urban sites at
intermediate scales, considering the combination of built urban area and orographic elements
(Figure 1-3). Ellefsen (1991) designed Urban Terrian Zone (UTZ) types to classify urban space
at local scales. This classification is initially according to building contiguity and subdivides
into 17 sub types by function, location in the city, height, construction type, and etc. (Ellefsen,
1991; Oke, 2006b).

1. Orographic element > urban area
1.1 Mountain top or ridge 1.2 Plateau

1.3 1.4 Slope terrace

i

1.5 Valley 1.6 Basin

1.7 Slope base 1.8 Mountain pass entrance
N I L Plan view

2. Orographic element < urban area

2.1 Valley within 2.2 Small mountain or hill
urban area within urban area

Mty

Figure 1-3 An orographic classification of urban sites (Wanner and Filliger,1989).

.
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In 2006, Oke proposed the Urban Climate Zone (UCZ) based on the UTZ types. He
argued that a spatial classification system for urban climatology needs to include spatial
features that significantly influence urban climate, namely the urban structure, urban terrain,
urban texture, and urban metabolism. Based on this idea, in addition to the UTZ type, the UCZ
adds a structural measure, aspect ratio (zy /W), indicating the vertical spatial character, and a
measure of the surface cover (% Built), representing surface permeability in terms of ratio of

anthropogenic to natural surfaces (Figure 1-4).
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1 A simplified set of classes that includes aspects of the schemes of Auer (1978) and Ellefsen (1990/91) plus physical measures
relating to wind, thermal and moisture controls (columns at right). Approximate correspondence between UCZ and Ellefsen’s
urban terrain zones is: 1(Dc1, Dc8), 2 (A1-A4, Dc2), 3 (A5, Dc3-5, Do2), 4 (Do1, Do4, Do5), 5 (Do3), 6 (Do6), 7 (none).

2 Effective terrain roughness according to the Davenport classification (Davenport et al., 2000); see Table 2.

3 Aspect ratio = zy/W is average height of the main roughness elements (buildings, trees) divided by their average spacing, in
the city centre this is the street canyon height/width. This measure is known to be related to flow regime types (Oke 1987)
and thermal controls (solar shading and longwave screening) (Oke, 1981). Tall trees increase this measure significantly.

4 Average proportion of ground plan covered by built features (buildings, roads, paved and other impervious areas) the rest of
the area is occupied by pervious cover (green space, water and other natural surfaces). Permeability affects the moisture
status of the ground and hence humidification and evaporative cooling potential.

Figure 1-4 Simplified classification of distinct urban forms arranged in approximate decreasing
order of their ability to impact local climate [2004 unpublished] (Oke, 2006a).

In 2012, Steward turned Oke's vision of UCZ into a reality, building the Local Climate
Zones (LC2Z) classification system. Based on Grigg's theory of classification (Grigg, 1965), the

LCZs divide the landscape with two properties that influence urban climate, namely surface
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structure and surface cover. Surface structure refers to the vertical properties of buildings and
trees, affecting local climate through the modification of airflow, atmospheric heat transport,
and shortwave and longwave radiation balances. Surface cover mainly distinguishes pervious
and impervious, anthropogenic and natural surfaces, influencing local climate through albedo,
moisture availability, and heating/cooling potential of the ground (Stewart and Oke, 2012,
p. 1884). The combination of these two properties constitutes dozens of prototype classes,
moreover, enabling users to create much more diverse subclasses based on needs (Figure 1-5).
This flexibility allows the LCZs to provide a more detailed and comprehensive description of

urban spaces than other climate-based classification systems.

'lil 'l T & Szneees
s | 1719 7= ¥
@ =
g = w v
3 LCZ 6
a Open highrise Large lowrise Open midrise
s +
4
2 + + + AT I
3 WYY vegt
N %t Yy Yy
Q : ,'a?l’ gt g 2 = b. bare trees
o] | i W [ W
5 0 A0 o +
5 LCZB LCZF :
n Compact lowrise Scattered trees Bare soil or sand
S. SNow cover
P =
@ Lok d— e Lhate bt whet
& LCZ 34 LCZ 8y LCZ 5¢ LCZ 6,
8 Compact lowrise Large lowrise Open midrise Open lowrise
with open highrise with scattered trees with bare sand with bare trees & snow

Figure 1-5 LCZ subclasses to represent combinations of surface structure and surface cover
(Stewart and Oke, 2012).

The original purpose of the LCZs classification system was to facilitate consistent
documentation of site metadata and provide an objective protocol for measuring the magnitude
of the urban heat island effect (Stewart and Oke, 2012). Due to its universal applicability,
compatibility with numerical climate models, and integration with urban design theory, the
LCZs have shown potential for a much wider range of applications than it was originally

designed for. It can be used to improve the parameterization of urban canopy in numerical
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climate models and weather predication schemes, help quantify the thermal and morphological
layers of an Urban Climatic Map (UCMap). This application potential has, in a few short years,
led to the widespread use of LCZs in urban climatological studies around the world (Bechtel et
al., 2015; Lehnert et al., 2015; Xu et al., 2017).

In 2015, Milles et al. began their work on the World Urban Database and Portal Tool
(WUDAPT) project (Mills et al., 2015). Based on LCZ classification system, the WUDAPT
provides a portal that enables autonomous participation of worldwide urban climate researchers
in building and sharing a global database of urban characteristics (World Urban Database,
2020). Through WUDAPT portal, participants are able to create LCZs for their respective cities
in a consistent manner, collect parameters for city characteristics, and aggregate the data to a
user-specified reference grid and compare cities around the world (Figure 1-6). The WUDAP
portal further extended the advantages of the LCZ classification system and realized the

standardization of climate-based classification of urban spaces on a global scale.

Training Areas
Via Google Earth

Satellite Data

Step 1. Step 2.
Preprocessing Create Training
(e.g. Resampling) Samples

( Step 3. Random Forest Classification )

i

LCZs Mapping Result

Step 4. l

Quality
Assessment

Figure 1-6 WUDAPT LCZs classification framework (Xu et al., 2017).

The above attempts of methodological enhancement are mainly focused on local and

urban scales, and there are few methodological enhancements at microscale yet. In fact, the
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microscale is the most conducive scale for applying research results among the three scales in
urban climatology. In urban decision-making, decisions become less difficult to achieve as the
scale decreases and fewer considerations come into play. Hence, it is necessary to explore
methodological enhancements specifically at the microscale in urban climatology.

1.2.4 Proposing the Multi-parameter Approach

The purpose of this study is to propose a methodology that contributes to the
generalization of research results from studies on the cooling effects of UGS at the microscale.
This methodology adopts the idea of spatial summarization and classification of Local Climate
Zones at mesoscale. It advances from the previous single-parameter approach to the multi-
parameter approach. The multi-parameter approach views the UGS as a whole and investigates
the interdependent influence of its various environmental features on human thermal comfort.
The interdependent influence allows the results to be more comprehensive and therefore easier
to generalize. In addition, the results derived from the factorial experiments can be easily
translated into specific and actionable guidelines for climate-adaptative UGS design and

planning.

To explore the interdependent influence, the multi-parameter approach uses the factorial
experimental design as its basic framework. A factorial design is an experimental setup that
enables researchers to study the effects of two or more factors (variables) simultaneously. In a
factorial experiment, all possible combinations of the levels of each factor are investigated.
This design allows for the examination of not only the effect of each factor on the dependent
variable but also the interdependence between the factors. In this study, to examine the
combinations in the factorial experiment, the microclimate model ENVI-met is utilized. To
minimize research costs, the simulation is conducted on simplified and idealized scenarios. The
field measurements adopt the Latin Hypercube Sampling (LHS) design, i.e., selecting several
scenarios from the factorial experiment to conduct field measurement according to the

conditions of the measuring sites.

In comparison to the original single-parameter approach, this multi-parameter approach
can more comprehensively encompass various UGS types, explore in greater depth the nuanced
relationships between UGS morphology and human thermal comfort, and give specific
recommendations for climate-adaptive UGS design and planning. Leveraging these advantages,
the multi-parameter approach is expected to address the difficulty of results’ application and

generalization in urban climatology at the microscale.
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1.3 Thesis Structure

This thesis is composed of three main parts: Methodology (Chapter 2), Case Studies

(Chapters 3 to 5), and Conclusions & Discussion (Chapter 6):

Chapter 2 introduces the multi-parameter approach in detail. It includes the technical

details of the multi-parameter approach, a comparison with the single-indicator approach, and

an illustration of why the multi-parameter approach is helpful in applying research results.

Chapters 3 to 5 showcase the effectiveness of the multi-parametric approach through

three specific studies:

20

1)

2)

The study in Chapter 3 investigates the interdependent influence of vegetation type,
landscape index and green-belt direction of UGS on cooling effects and human
thermal comfort. It addresses the question of whether a centralized or a scattered
UGS leads to higher Park Cool Island (PCI) effects. Previous studies have not
reached a consensus on this question. Some studies conclude that the more
fragmented the green space is, the higher its cooling effects will be, while others have
come to the opposite conclusion: the compact green space leads to higher cooling
effects. The results of this study show that the vegetation density of the UGS is a
crucial factor influencing the climatic effects of the UGS layout. When the vegetation
density is high, fragmented green space provides higher PCI effects than compact
green space. When the vegetation density of green space is low, the PCI effects of
compact green space is higher than that of fragmented green space. This study
unveils the joint influences of vegetation density and layout of UGS on the PCI
effects, thus demonstrating the multi-parameter approach's superiority in deriving
comprehensive correlations compared to the conventional single-parameter

approach.

Chapter 4 describes a study applying the multi-parameter approach in the historical
park Tiergarten in Berlin. It explores how the spatial features of walkways in
Tiergarten influence the human thermal comfort of the pedestrians traversing the
park. Three environmental parameters are considered in the factorial experiment,
including the walkway width, the vegetation density, and the Sky View Factor
(SVF). The joint influence of these factors varies between daytime and nighttime. At
daytime of a hot summer day, the narrower walkways covered by dense canopy and

surrounded by dense vegetation have the lowest PET values. During the nighttime,
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the wider walkways covered by sparser canopy and surrounded by less dense
vegetation have the lowest PET values. The results are illustrated as a map of human
thermal comfort for Tiergarten, which can be used to assist the pedestrians in
selecting the comfortable walkways for their outdoor activities during hot summer
days. This study serves as an example of employing the multi-parameter approach to

provide specific climate-adaptive suggestions for a real UGS case.

3) Chapter 5 details the third study, which investigates the joint influences of three
common design factors on the thermal comfort of Urban Riverside Greenway
(URG). The three factors include the urban prevailing wind direction, the tree
species, and the position of greenway trails. The results show that these three factors
function as an interconnected whole to determine the PCI effects of the URG. The
first consideration in a climate-adaptive design of an URG should be the prevailing
wind direction of the city. When the prevailing wind moves from the urban area to
the waterbody, the nearer the greenway trail is to the waterbody, the better the human
thermal comfort on the trail is. When the prevailing wind moves from the water body
to the urban area, the preferable position of the greenway trail depends on the
vegetation density. Through the multi-parameter approach, this study investigates
simultaneously two cooling resources: vegetation and the water body. Furthermore,
it takes the wind direction into consideration. This complexity of research subjects is
not possible with the previous single-parameter approaches. This study gives further
evidence of the potential of multi-parameter approaches to solving complex

microscale urban climatological issues.

Chapter 6 includes the overall conclusions, comparison with similar studies, advantages

and limitations of this study, application of research results, and the outreach.
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Chapter 2: Multi-parameter Approach vs.
Single-parameter Approach

Multi-parameter approach means using multiple parameters simultaneously to describe
the spatial configuration of urban green space and exploring the interdependent influence of
these parameters on the urban climate. The key difference between multi-parameter and single-
parameter approaches is not the number of parameters, but the perspective from which urban
green space and its influence on urban climate are viewed. The multi-parameter approach
considers urban space as a whole and attempts to explore the interdependent effects of different
spatial features on urban climate. The single- parameter approach, on the other hand, attempts
to extract the linear relationship between individual spatial features on urban climate indicators.

2.1 Overview of multi-parameter Approach

2.1.1 Brief Description

The specific methodology of the multi-parameter approach consists of the following

aspects:

1) To derive the interdependent influence of multiple spatial features, using the method
of factorial experiment to combine different levels of considered parameters in the

form of a multidimensional matrix to form multiple experimental units.

2) To control research costs, using the Latin Hypercube Sampling (LHS) method to
select a subset of scenarios in the full factorial experimental design to conduct field
measurement experiment or simulation experiment. The LHS-designed field
measurement selects scenarios based on the circumstances of the measurement site.
The LHS-designed simulation experiment is employed when there are too many
levels of a factor in the factorial experimental design. In this condition, we select a

subset of the levels to form the final factorial design for the microclimate simulation.

3) To ensure that each experimental unit can be studied under the same conditions,
using the microscale climate model ENVI-met to build idealized models for each

experimental unit and run the microclimate simulation.
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4) In accordance with the holistic perspective of the multi-parameter approach,
composite indicators with the same holistic perspective are used to describe the urban
climate. The composite indicator selected for this study is the biometeorological
index—Physiological Equivalent Temperature (PET). The model used to calculate

the PET value is RayMan model.

2.1.2 Factorial Experiment: Comprehensive Description of Urban Land Surface

In statistical perspective, the multi-parameter approach corresponds to the multivariate
analysis. Factorial experiment is a frequently used type of multivariate analysis. When a
researcher wishes to study the effects of k independent variables, where k > 1, the most
common method that would be used is the factorial experiment (Collins et al., 2009; Oehlert,
2010). Inafactorial experimental design, “all levels of each independent variable are combined
with all levels of the other independent variables to produce all possible conditions” (California
State University, 2018).

If a factorial experiment contains k factors (k > 1), each of which contains n levels (n >
1), then a total of n* experimental units are included in the factorial experiment. These
experimental units take on all possible combinations of these levels across all such factors.
Thus, a full factorial design can also be called a fully crossed design. For example, the simplest
factorial experiment contains two factors, each of which has two levels. In this case, a total of
four (22) experimental units needs to be executed. When the number of factors grows to three,

the complexity increases by a power of three (23) (Figure 2-1).
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Figure 2-1 A schematic representation of a simple factorial experiment (David Harvey 2013).

The factorial experiment enables the study of effect of each factor on the response
variable and the effects of interactions between factors on the response variable. Therefore, the
factorial experiment is selected as the statistical framework in this study to investigate the
independent and joint effects of multiple spatial parameters (factors) on the urban climate index

(response variables).

An example of the application in urban climatology is the system of Local Climate Zone
(LCZ) (Stewart and Oke, 2009) . The LCZ system classifies urban land surface by permuting
different qualitative features of the land surfaces (Figure 2-2). Theoretically, this permutation
of multi-variables makes it possible to achieve an exhaustive enumeration of urban land surface
types as long as the spatial features are rich enough and the degree within each feature is
detailed enough. In fact, the LCZ system did provide room for expansion so that this
classification system can be further broadened. Although it has not been explicitly stated, it is
obvious that the LCZ system adopts the factorial design. The LCZ system contains several
factors including building height, compactness, and land cover properties. Each factor is

divided into classes, including high, medium and low (Figure 2-3).
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BUILT SERIES

Lcz1
Compact high-rise

LCZ 2
Compact mid-rise

LCZ3
Compact low-rise

LCZ 4
Open high-rise

LCZ 5
Open mid-rise

LCZ6
Open low-rise

LCZ7
Lightweight low-rise

LCZ 8
Large low-rise

LCZ9
Sparsely built

LCZ 10
Heavy industry

LAND COVER SERIES

LCZA
Dense trees

L g h ot LCZB

¢ i 9 ¢ W Scattered trees
T,

LCZC
Bush, scrub
LCZD
Low plants
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L At Bare rock or paved

LCZF

Bare soil or sand

B—— LCZG

s Water

Variable land cover properties

b bare trees (i.e., deciduous, leafiess)
Increased sky view factor, reduced albedo

S  snow cover ( > 10 cm in depth)
low admittance, high albedo

d dry ground (e.g., parched soil)
low admittance, large Bowen ratio,
increased albedo

W  wet ground (e.g., waterlogged soil)
high admittance, small Bowen ratio,
reduced albedo

Figure 2-2 Local Climate Zones containing features of building types and land cover types.
(Stewart and Oke, 2012).
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Figure 2-3 The idea of LCZ system is consistent with the idea of the factorial design. By
integrating different levels of features of different spatial factors, a collection of scenarios in
the form of a matrix can then be formed. As this collection expands in terms of factors and
levels, it can become increasingly comprehensive to encompass a wider range of urban land

surface types.

For example, the factorial experimental design of the study described in Chapter 3 is
shown in Figure 2-4. This study investigated the interdependent influence of three different
landscape morphological parameters and vegetation type on the cooling effect and human
thermal comfort. The three different landscape morphological parameters include Patch
Density and Edge Density (PD & ED), Land Shape Index (LSI) and Green-belt Orientation.

This study employs three separate factorial experiments to conduct the simulation.
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2.1.3 Latin Hypercube Sampling (LHS) Experimental Design

Latin Hypercube Sampling (LHS) is a statistical method for generating a near-random
sample of parameter values from a multidimensional distribution (Mckay et al., 1979). In
statistical sampling, a square grid containing sample positions is a Latin square if (and only if)
there is only one sample in each row and each column. A Latin hypercube is the generalization
of this concept to an arbitrary number of dimensions. LHS is commonly employed in
experimental design to cover a broad range of variables with as few experiments as possible
(Helton and Davis, 2003). Multidimensional factorial experiments in multi-parameter approach
can easily result in a large number of experimental units. To control research costs, LHS design
is employed to select scenarios from factorial design for field measurements and simulation

experiments.

The LHS-designed field measurement selects scenarios based on the circumstances of the
measurement site. For example, in the study in Chapter 4, we used LHS design to select 9 points
from the total 15 scenarios from the factorial experimental design for field measurement (Figure
2-5). The number of selected measuring points are more than the least required number of LHS

design. This is a result of the actual circumstances of the field measurement site.

The LHS-designed simulation experiment is employed when there are too many levels
of a factor in the factorial experimental design. An example can be found in Chapter 5. We
used LHS design to sample 5 levels from the full 12 levels of the factor tree species to reduce

the scenarios for simulation from 180 to 75 (Figure 5-2).
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Figure 2-5 An example in Chapter 4 using the Latin Hypercube Sampling (LHS) method for
selecting samples from factorial experiment for field measurements. The red dots represent the
selected points for field measurement.
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2.1.4 Microclimate Simulation through ENVI-met® Model

ENVI-met® is a holistic three-dimensional microclimate model designed to simulate the
surface-plant-air interactions in urban environment with a typical horizontal resolution from
0.5 to 10 m and a typical time frame of 24 to 48 hours with a time step of 1 to 5 seconds. This
resolution allows to analyze small-scale interactions between individual buildings, surfaces and

plants (enviadmin, 2023a).

2.1.4.1 Integrated Modules

ENVI-met integrates the atmospheric module, the soil and waterbody module, the
vegetation module, and the building module to simulate the interaction between different urban
land surface features and microclimates. In the atmospheric model, the wind field includes a
full 3D Computational Fluid Dynamics (CFD) model, which solves the Reynolds-averaged

non-hydrostatic Navier-Stokes equations for each spatial grid and for each time step.

In the soil model, ENVI-met dynamically solves the soil hydraulic state of the soil based
on Darcy's law considering evaporation, water exchange inside the soil and water uptake by
plant roots. Water bodies are considered as a special type of soil in ENVI-met. The calculated
processes inside the water include the transmission and absorption of shortwave radiation in

the waterbody.

The vegetation model of ENVI-met allows complex 3D vegetation geometries. ENVI-
met has a vegetation geometry interface — Albero, which allow users to configure the
vegetation’s 3D morphology and physical parameter, including Leaf Area Density and foliage
albedo (Figure 2-6). ENVI-met also uses a sophisticated model to simulate the stomata
behaviour of the vegetation in response to microclimate, CO- availability and water stress level.
These features placed ENVI-met in an unique position for studies on PCI effects at micro scale
(Bruse and Fleer, 1998; Hedquist and Brazel, 2014; Lenzholzer, 2012; Perini and Magliocco,
2014; Wania et al., 2012).
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Figure 2-6 Interface of the Albero Module in ENVI-met 4.3.

2.1.4.2 Internal Structure

The numerical discretisation scheme of ENVI-met is an orthogonal Arakawa C-grid.
Because of this scheme, ENVI-met only allows straight and rectangular structures. ENVI-met
uses the finite difference method to solve the multitude of Partial Differential Equations (PDE)
and other aspects in the model. The scheme is partly implicit, partly explicit depending on the
sub-system analysed. The atmospheric advection and diffusion equations are implemented in a
fully implicit scheme, which allows ENVI-met to use relatively large time steps by still
remaining numerically stable. The programming language of ENVI-met is Object Pascal, for
WINDOWS using DELPHI.
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2.1.4.3 Basic Model Layout
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Figure 2-7 Schematic overview over the ENVI-met model layout (enviadmin, 2017c).

The main model of ENVI-met is designed in 3D with 2 horizontal dimensions (x and y)
and one vertical dimension (z) (Figure 2-7). Inside this main model, the typical elements that

represent the area of interest are placed: buildings, vegetation, different types of surfaces, etc.

Several strategies are used in ENVI-met to cover as much space as possible by using less
grid points as possible. One of the strategies is the usage of additional 1D model. To allow an
accurate simulation of boundary layer processes, it is necessary to extend the model up to a
minimum height of 2500 m. As it is not possible, and not necessary either, to extend the
complete 3D model up to this height, the 1D model takes over the calculation from the top of
the 3D model and the total model top at 2500 m. In addition, the 1D model provides the vertical

profiles of all model variables for the inflow boundary of the 3D model.

2.1.4.4 Lateral Boundary Conditions

There are three kinds of Lateral Boundary Conditions (LBC) in ENVI-met (enviadmin,
2017a).

1) Open LBC: the values of the next grid point close to the border are copied to the
border for each time step. The open LBC is the condition with the minimum effect
of the model boundary to the inner parts of the model. As the open LBC copies the
values from the inner parts of the model to the boundaries, there is a certain danger

of numerical instabilities. The use of open LBC would represent a situation where
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the neighbourhood of the simulation area has a similar structure to the simulation

area but is not very close.

2) Forced (or closed) LBC: the values of the 1D model are copied to the border. The
forced LBC is the most stable condition because the mostly independent 1D model
is used to obtain the boundary values which stabilises the 3D model. On the other
hand, the 1D profile will have a significant effect on the data in the main model. The
use of forced LBC is applicable to simulate isolated scenarios, for example, where a
building is placed on a flat plane with nothing around it.

3) Cyclic LBC: the values of the downstream model border are copied to the upstream
model border. The cyclic LBC assumes that the average conditions upstream of your
model area (which produce the inflow profile) are similar to your model area. As the
values of the outflow boundary are copied to the inflow boundary there is also a
certain danger of undesired feedback inside the model which might cause numerical
instabilities. The usage of cyclic LBC represents a situation where the neighbourhood
has in average the same structure as the model area. In contrast to the situation using
open LBC, the neighbourhood is so close to the simulation area that the modified

profile is not recovering before entering the model area.

The studies involved in this dissertation all simulated isolated idealized scenarios. In
these scenarios, simulated urban green spaces are assumed to be constructed on open flat land
with no interference from other structures around them. Therefore, the LBC type adopted in
these studies is the forced (or closed) LBC.
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2.1.45 DataFlow
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Figure 2-8 Data Flow in ENVI-met V3.1 (enviadmin, 2017b).

The basic data flow of ENVI-met model is shown in Figure 2-8. The main input data can
be classified in two types: simulation files and additional database. In the Main Configuration
File(.CF) of simulation files, users can define the file name, the forcing meteorological setting,
the duration of simulation, etc. In Area Input File(.IN) of simulation files, users can define the
spatial configuration of the scenarios and the materials at each grid. In the additional database,

users can assign values to the physical characteristics of plants and different surface materials.

There are four types of output files from ENVI-met simulation. The “Main 3D Output
Files” are binary files that need to be read with the software package LEONARDO. This
software can represent the distribution of meteorological values for a certain facet of the
simulated scenario at a certain timepoint. ENVI-met runs a one-dimensional model parallel to
the main (3D) model in order to have produce different initial and boundary conditions. The
“1D-Inflow Profile” reflects the state of the 1D model, which is saved each time the main data
of the model are saved. The “Receptor 1D Output Files” show the state of the atmosphere, the
surface and of the soil at selected points inside the model. The receptor data is stored in two
ways, the “snapshot files” and the “time series files”. The snapshot files show the present model

state at all the receptors, while the time series files represent the evolution of different variables
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at one point during the model run. The “Data link to BOTworld” was initially assigned to
simulate the thermal conditions for virtual pedestrians. But BOTworld has not developed since
then. Instead, BIO-met was developed as a side application after the fourth edition of ENVI-
met. BIO-met supports the calculation of various human thermal comfort indices including
Predicted Mean Vote (PMV/PPD), Physiological Equivalent Temperature (PET), Dynamic
PET (dPET), Universal Thermal Climate Index (UTCI) and Standard Effective Temperature
(SET) (enviadmin, 2023b).

2.1.4.6 Limitation of ENVI-met Model

In previous studies evaluating the performance of ENVI-met model, researchers have
observed the following limitations. Firstly, the solar radiation inputs are estimated from an
internal database. ENVI-met does not allow the input of hourly solar radiation variations. Thus
ENVI-met has difficulty in providing an accurate simulation when solar radiation varies
(Maggiotto et al., 2014). Similarly, users cannot input measured variation of wind velocity and
wind. Thus, when the air flow changes, the difference between the modeled and measured data
becomes larger (Acero and Arrizabalaga, 2018; Tsoka et al., 2018). In addition, ENVI-met is
not grid-independent. But the model is less dependent on grid resolution than it is on different
simulation scenarios. Therefore, when exploring the differences between simulation scenarios,
the conclusions of ENVI-met are considered not obscured by the effects of the sensitivity of

the grid to changes in vertical resolution (Crank et al., 2018).

Some studies have also suggested that relying too much on the default values for
vegetation and surface materials within ENVI-met can lead to inaccurate simulation results.
The accuracy of the results can be greatly improved if researchers can assign values to the
physical parameters of vegetation, such as leaf area density, foliage albedo, and crown shape,
and the physical parameter of surface materials based on field measurements (Liu et al., 2021;
Ouyang et al., 2022).

These studies have all agreed that despite these shortcomings, ENVI-met is still
competent in modeling urban microclimates. The simulation of ENVI-met is still credible in
reflecting the differences among scenarios, the distribution of meteorological values within
scenarios, and the diurnal trends of measuring points. Furthermore, ENVI-met has the
advantage of allowing users to freely set up urban environment. Therefore, ENVI-met is still

the prevailing model for simulating complex urban microclimates with high accuracy.
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2.1.5 Human Biometeorological Thermal Index—PET
2.1.5.1 Human biometeorological thermal indices

In accordance with the holistic perspective of the multi-parameter approach, the
composite indicator with holistic perspective is used to describe the urban climate. From the
holistic point of view, the more comprehensively the system can be viewed, the more accurate
conclusions can be drawn (Auyang, 1998; Fang and Casadevall, 2011; Systems Innovation,
2020b). By using composite indicator, it is possible to encapsulate as many object
characteristics as possible with the least amount of data. The composite indicator is formed
“when several individual indicators are compiled into a single index, on the basis of an
underlying model of the multi-dimensional concept that is being measured” (United Nations
Economic Commission for Europe, 2017). The synthetic way of thinking in composite metrics
is often applied in complexity science and manifests itself in data dimensionality reduction (van
der Maaten et al., 2009) (Figure 2-9).

v

The Composite Indicator

Figure 2-9 Composite indicator is a form of data dimensionality reduction.

The idea of human biometeorological thermal indices is a concrete expression of the idea
of holistic thinking and dimensionality reduction. By using only one indicator, it can project
the multiple characteristics of the atmosphere. Moreover, human biometeorological thermal
indices are formulated with human comfort and well-being as the main consideration. This
consideration would be specifically beneficial for the application of the research results of
urban climatology. As a human settlement, it is the natural duty of a city to ensure human well-

being. Efforts that are consistent with the duty of a city will inevitably receive higher priority
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in urban decision making. Also, the original aim of urban climatology was to help human beings
cope with the life safety crisis brought about by climate change. Therefore, thermal safety,
health, and well-being of humans should be the primary motivation for urban climatology

research.

Human Biometeorology is a cross-disciplinary field stemming from epidemiology and
physiology and can be extended outward to building heating and ventilation, urban design and
planning, and etc. It mainly studies the interactions between human bodies and the atmosphere
(Munn, 2013). For urban climatology, human biometeorology plays an important role that links
urban climate closely to human health and well-being (American Meteorological Society,
1972). According to Hebbert, bio-meteorologists constituted the main global network of urban
climatology in the late 1980s (Hebbert and Mackillop, 2013). When applied to urban
climatology, commonly used thermal indices include:

“Predicted Mean Vote (PMV) (Fanger, 1972), Physiologically Equivalent Temperature
(PET) (Hoppe, 1999; Matzarakis et al., 1999; Mayer and Hoppe, 1987), modified
Physiologically Equivalent Temperature (mPET) (Chen and Matzarakis, 2018),
Standard Effective Temperature (SET) (Gagge et al., 1986) or Outdoor Standard
Effective Temperature (Out_SET) (Spagnolo and Dear, 2003), Perceived Temperature
(pT) (Staiger et al., 2012) and Universal Thermal Climate Index UTCI (Jendritzky et
al., 2012).” (Matzarakis et al., 2015; Matzarakis and Amelung, 2008)

The basis for the human biometeorological thermal indices is the energy balance equation
for the human body (Matzarakis, 2007, p. 141) (Figure 2-10).

M+W+R+C+Ep+Eg +Eg, +S=0 (2-1)
M : metabolic rate (internal energy production)
W the physical work output,
R: the net-radiation of the body,
C: the convective heat flow,

Ep . the latent heat flow to evaporate water diffusing through the skin (imperceptible

perspiration),
ER.: the sum of heat flows for heating and humidifying the inspired air,

Es,,: the heat flow due to evaporation of sweat, and S the storage heat flow for heating or

cooling the body mass.
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S: the storage heat flow for heating or cooling the body mass.

The unit of all heat flows is in Watt (Hoppe, 1999).
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Figure 2-10 Energy fluxes that affect the human energy budget outdoors. M: Metabolism;
C: Convection—Moving air removes radiated heat; K: Conduction—direct heat transfer by
conduct; E: Evaporation—Loss of heat by evaporation of water; R: Radiation—SW: Short-
wave, LW: Long-wave, D: Direct, Di: Diffused, Re: Reflected; Em: emission of Long-wave
radiation; Ta: air temperature; Ws: Wind Speed; RH: air Relative Humidity; Tsk: Skin
Temperature; Ts: Surface Temperature; (+) heat gain (—) heat loss; up arrow: increase, down

arrow: decrease (Antoniadis et al., 2020).

According to Hoppe, the temperatures of human skin and blood are influenced by the
integrated effect of all meteorological parameters (HOppe, 1999). Thus, these thermal indices
differ in the way they are calculated, but require the same meteorological input parameters: air
temperature, air humidity, wind speed, short and long wave radiation fluxes (Matzarakis et al.,
2016). In addition, the real situation of human thermal perception, the heat resistance of

clothing (clo) and activity of humans (in W) are also required. (Figure 2-11).

38



Chapter 2:Multi-parameter Approach vs. Single-parameter Approach

The first classic human thermal comfort model is the Predicted Mean Vote (PMV) model
developed by Fanger in the 1970s (Fanger, 1972). The PMV model uses four physical variables
(air temperature, air velocity, mean radiant temperature, and relative humidity) and two
personal variables (clothing insulation and activity level) to obtain an index that corresponds to
the seven-point ASHRAE thermal sensation scale (ranging from -3 to 3, where 0 is neutral, -3
is cold, and 3 is warm) (Charles, 2003). The PMV model and results have been included in the
modern thermal comfort standard 1SO 7730 (ISO, 2005).

The mean radiant temperature (T,,,+) iS an important meteorological input parameter for
the human energy balance during sunny weather in summer. T,,,+is defined as “the uniform
temperature of a surrounding surface giving of blackbody radiation (emission coefficiente = 1)
which results in the same radiation energy gain of a human body as the prevailing radiation
fluxes which are usually very varied under open space conditions.” (Matzarakis and Rutz, 2000).
Tyt Can either be measured with a globe thermometer or calculated from short-wave and long-

wave radiation fluxes.

To calculate T,,,+, the entire surroundings of the human body are divided into n thermal
surfaces with the temperatures Ti (i = 1, n) and emission coefficients e;, to which the solid angle
proportions (angle factors) F; are to be allocated as weighting factors. Long-wave radiation
(E; = e; X s X Tg:), with s the Stefan-Boltzmann constant (5.67 x 10 ® W/m?K*) and Tg; the
temperature of the it" surface), diffuse short-wave radiation D; are emitted from each of the n

surfaces of the surroundings (2-2).

n 0.25
1 D;
Tt = —xZ(Ei+ak X —) X F;
o = Sp

gp Is the emission coefficient of the human body (standard value 0.97). D; is the total

(2-2)

diffuse solar radiation and diffusely reflected global radiation. a, is the absorption coefficient

of the irradiated body surface for short-wave radiation (standard value 0.7).
If there is value of direct solar radiation, T, s replaced by T+ (2-3).

rorE (2-9

Tive = Tk e + f, X @ X ———
mrt mrt fi) k (SPXO')

I* is the radiation intensity of the sun on a surface perpendicular to the incident radiation
direction. The surface projection factor f, is a function of the incident radiation direction and

the body posture. For practical application in human-biometeorology, is it generally sufficient
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to determine f, for a rotationally symmetric person standing up or walking. f, ranges from

0.308 for 0° of the angle of the solar altitude and 0.082 for 90° (Matzarakis and Rutz, 2000).

2.1.5.2 Physiological Equivalent Temperature (PET)
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Figure 2-11 Flowchart of the human-biometeorological assessment of the thermal
environment (Matzarakis et al., 2016).

The thermal index adopted in the studies addressed in this thesis is the Physiological
Equivalent Temperature (PET). Even though the index PMV is widely used in the scientific
community, it is specifically designed for indoor environments. For outdoor environments, one

of the most widely used indices is PET, which is defined as:

equivalent temperature at a given place (outdoors or indoors) to the air temperature in
a typical indoor setting with core and skin temperatures equal to those under the

conditions being assessed. (Hoppe, 1999)

Its calculation is based on the thermo-physiological heat-balance model: Munich Energy
Balance Model for Individuals (MEMI) (HOppe, 1993).The reason for choosing PET as the

thermal index in this study is that PET is an “application-friendly” indicator. It presents the
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results through easily accepted Celsius degrees (°C), making it simple for decision makers,
planners, and citizens without a background in meteorology to understand (Table 2-1)
(Matzarakis et al., 1999). This feature is consistent with the idea of the multi-parameter
approach mentioned in this study, i.e., to describe the object as comprehensively as possible,

but to present the results as simply as possible.

Table 2-1 Ranges of the PET for different grades of thermal perception by human beings and
physiological stress on human beings.The assessment classes of PET* (Matzarakis et al.,

2009, p. 212).
PET[°C] Thermal perception | Grade of Physiological Stress
<4 Very cold Extreme cold stress
4.1-8 Cold Strong cold stress
8.1-13 Cool Moderate cold stress
13.1-18 Slightly cool Slight cold stress
18.1-23 Neutral No thermal stress
(Comfortable)
23.1-29 Slightly warm Slight heat stress
29.1-35 Warm Moderate heat stress
35.1-41 Hot Strong heat stress
41> Very hot Extreme heat stress

*Note: The classes are valid only for the assumed values of internal heat production (80 W)
and thermal resistance of the clothing (0.9 clo). The meteorological input parameters have to
be measured or transferred to the average height of a standing person’s gravity center, 1.1 m

above ground. (Matzarakis et al., 2009)

2.1.5.3 RayMan model for calculating Tmqt and PET

In this study, PET was calculated by using RayMan model (Matzarakis et al., 2007, 2010).
RayMan is a microscale model for the calculation and estimation of the most modern thermal
indices used in human biometeorology, as well as Sky View Factor (SVF), sunshine duration,
shadow and in general radiation fluxes. This model is developed to calculate outdoor short
wave and long wave radiation fluxes affecting the human body. RayMan model enables the
consideration of complex building structures and the effects of clouds. The output of the model
is the calculated mean radiant temperature, which is required in the human energy balance

model and for the assessment of human biometeorological thermal indices. Most of the
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commonly used thermal indices can be calculated through RayMan, including Predicted Mean
Vote (PMV), Standard Effective Temperature (SET), Physiological Equivalent Temperature
(PET), Universal Thermal Climate Index (UTCI) and Perceived Temperature (pT) (Matzarakis,
2012).

In the input windows of RayMan Pro, users can input the relevant values for calculating
Tmrt (Figure 2-12), as well as the urban environment around the measuring point (Figure 2-13).
Users can also import fish-eye photographs to calculate the SVF and estimate the sunshine
duration at the measuring point (Figure 2-14). RayMan allows users to consider the effect of
clouds on radiant fluxes in two ways, either by freely drawing the shape of clouds in the input
window of fish-eye photographs or by giving a value to “Cloud cover (oktas)” in the input
window of relevant values. Calculation of hourly, daily and monthly averages of sunshine
duration, short wave and long wave radiation fluxes with and without topography, and obstacles

in urban structures can be carried out with RayMan model.

* RayMan Pro r, [3(|
Eile Input OQutput Table Language 2

Date and time Current data
Date (day.month.year) |1 9.6.2005 Airtemperature Ta (*C) |20 0
Day of year |1 70 Vapour pressure VP (hPa) |1 25
Local time (h:mm) |22 A Rel. humidity RH (%) [535

Now and today | Wind velocity v (m/s) |1 0 Cal

Cloud cover N (octas) |0 0 New

Geographic data Global radiation G (Wim® |
Location: Mean radiant temp. Tmrt ("C)|
I :] Personal data Clothing and activity

| Remove location| Height(m) [175 | Clothing (clo) s
Geogr. longitude (.*_'E) |7'51' Weight (kg) |75 0 Activity (W) Iao 0
Geogr. latitude (.°..'N) [W Age (a) m Position W
Altitude (m) |323 Sex Im vl
I‘I 0

Timezone (UTC + h)

Thermal indices
V PMV ¥ PET ¥ SET

1 Close I

Figure 2-12 Input window of RayMan Pro on the relevant values for the calculation of T and
thermal indices (Matzarakis et al., 2007).
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Figure 2-13 Input window of RayMan Pro on urban environment (Matzarakis et al., 2007).
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Figure 2-14 Input window of RayMan Pro on fish-eye photographs (Matzarakis et al., 2007).
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The advantage of RayMan model is that it specializes in the radiative fluxes related to
human thermal comfort. RayMan model is also able to consider the effects of SVF and cloud
cover on the radiative flux at the measuring point. These advantages can exactly compensate
for the shortcomings of the ENVI-met model in calculating radiative fluxes. The disadvantage
of RayMan is that it can only calculate the values at a single point, which can also be
compensated by ENVI-met model. Therefore, we have chosen to use RayMan model in
combination with ENVI-met model. ENVI-met was used to derive the 3D distribution of
meteorological values for the idealized scenarios, and RayMan was used to calculate the PET

at a point.

2.2 Comparison with single-parameter Approach

2.2.1 Single-parameter Approach’s Disadvantages

In previous studies of PCI effects, researchers commonly choose one single parameter to
represent the spatial characteristic of UGS and attempt to derive a numerical relationship
between this spatial parameter and the climatic parameter.

In recent years, there is still many urban climatological studies using regression analysis
to investigate the linear relationship between land surface features and atmospheric
characteristics of a particular city. The phenomenon is summarized by Oke as “never-ending

case studies, regression analysis in the absence of physical explanation” (Oke, 2006b, p. 188).

The single-parameter approach manifests itself in by reducing the complex objects (urban
land surfaces & urban atmosphere) to independent characteristic indicators, and then exploring
linear relationships between the indicators of urban atmosphere and that of urban land surface
(Figure 2-15).
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Figure 2-15 Single-parameter approach in current urban climatology: analytical extracting

isolated indicators of complex objects and finding linear relationships between indicators.

The often used spatial parameters of UGS include the size, the vegetation density and the
morphology indicators (Hardin and Jensen, 2007; Wilmers, 1990; Yuetal., 2015). For example,
in 2010, Cao et al. investigated the correlation between the surface area of UGSs and the Land
Surface Temperature (LST) . They concluded that the significant PCI only exists when the UGS
is larger than 2 ha. Dousset and Gourmelon (2003) characterized the vegetation coverage of
UGS with the indicator Normalized Difference Vegetation Index (NDVI) and figured out the
negative correlation between the LST and NDVI. Zhang et al. (2009) characterized the
morphology of UGS with indicators of shape index, perimeter/area, perimeter density, and etc.
They investigated the numerical relationship between each of the above indicators and the

urban LST and concluded that more aggregated green patches can lead to lower urban LST.

The drawbacks emerged after the repeated usage of this single-parameter approach.
Firstly, the derived numerical relationships can hardly be generalized across cities. Since only
one parameter was investigated, the results can be contradictory when the environmental
context changes. For instance, when investigating the degree of fragmentation of UGS
(represented by indicator of Patch Density and Edge Density (PD&ED)), some studies
concluded that the more fragmented UGSs have stronger cooling effects (McGarigal and
Cushman, 2002; Xu and Yue, 2008), while some other studies found that more compacted
UGSs yield greater cooling effects (Cao et al., 2010; Li et al., 2013). Because of the low
universality, the urban climatological research is falling into “never-ending case studies” and

“regression analysis in the absence of physical explanation” (Munn, 1973; Oke, 2006Db).
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Secondly, the findings obtained from the single-parameter approach are difficult to be
applied to practical design and planning of UGS. The UGS in real world is a complex object,
which means, it is impossible to change only one spatial characteristic of it without touching
the other characteristics. Thus, the isolated relationship between one single spatial parameter
and the microclimate is hardly referential to the climate-adaptative UGS design and planning.
Although most of the studies on PCI effects claim that their results can guide the UGS design
and planning, the actual application of the research results in practice is still rare (Eliasson,
2000; Hebbert, 2014).

The low generalizability and difficult applicability of the research results are two
commonly recognized challenges facing urban climatological research (Erell, 2008; Hebbert,
2014; Mills, 2006; Munn, 1973; Oke, 2006b). The above elaboration illustrates that both the
challenges are related to the single-parameter approach. To solve these problems, it is necessary
to explore the joint influence of multiple spatial characteristics of UGS on the microclimate
through a multi-parameter approach. However, attempts in this regard are still few in previous

studies.

2.2.2 Comparison in Methodology

There are three main differences between the multi-parameter and single-parameter

methods in terms of technical aspects (Figure 2-16).

1) In describing the urban land surface, multivariate experiments, which characterize
land surface by the permutations of multiple land surface spatial features, will be
conducted instead of the single-variate experiments that were commonly adopted in

previous studies.

2) In describing the urban atmosphere, composite indicators, which contain as
comprehensive characteristics as possible with the smallest possible amount of data,

will be used instead of the segmented single index adopted in previous studies.

3) Inrevealing the numerical relationship between urban spatial morphology and urban
climate, the multi-parameter approach aims to reveal the interdependent influence of
different spatial features on the human thermal comfort, while the single-parameter
approach aims to reveal the linear relationship between the single spatial parameter

and climatic index.
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Figure 2-16 Comparison of multi-parameter and single-parameter approaches at the technical
aspect.

2.3 Why the multi-parameter Approach is Conducive to the Application
and Generalization of Research Results

2.3.1 Reason Analysis of the Implementation Gap in Urban Climatology
In many studies on the application impasse, the communication gap between researchers
and urban construction executors was mentioned as a cause of the implementation gap in urban

climatology (Chandler, 1976; Hebbert, 2014). This communication gap can be interpreted from
the following three aspects in which the researchers and executors hold different views:

2.3.1.1 Specific Action vs. Numerical Relationship

If it is expected that the results of urban climatological research will be used in the
practical construction of cities, then urban planners and designers will need to know exactly
what to do. However, most of the climatologist-led research in this area only goes so far as to
show the numerical relationship between a particular feature of the land surface and the urban

47



Chapter 2:Multi-parameter Approach vs. Single-parameter Approach

climate index. They do not go further to translate the findings into concrete guidelines for action
in urban design and planning. This gap between scientific knowledge and concrete what-to-do

is one of the main reasons for the application impasse.

A questionnaire study conducted by Eliasson among urban planners revealed how wide
this gap is (Eliasson, 2000). In the opinion of the urban planners interviewed, there is a need
for the application of climatological research in urban planning. But they do not have enough
climatological knowledge to be able to interpret the results obtained by climatologists. On the
other hand, urban planners believe that most climatologists do not understand the urban
planning process (Eliasson, 2000; Golany, 1996; Mills, 2006). The results of many
climatologist-led urban climatological studies do not correspond to any of the urban decision-
making steps that can implement these results. Therefore, the results of many urban climatology

studies have no real potential for application.

Mills once noted that most research results are not “designer-friendly”. Namely, they are
not readable and usable enough for urban planners and designers (Mills, 2014). What can solve
this problem is a tool like a “translator” that can translate the climatological research results
into a design language that enables a direct change to the urban space (Givoni, 1998, p. 250;
Hebbert, 2014). As early as 1984, Oke has noticed the lack of a practical predictive tool in
urban climatology that can assist the designers in configuring green space, orienting roads,
optimizing aspect ratios, etc. (Hebbert and Mackillop, 2013; Oke, 1984b). Oke has even
personally devoted much effort to the development of tools for urban climatological knowledge
transfer (Oke, 1984b, 2006a, 2006b). Erell (2008) proposed a vision to this tool, envisaging
that it should be “formulated so that the inputs include parameters related directly to the
architect’s decision-making process”. However, so far there is no evidence that such a tool has

been developed and is in use by urban planners and designers.

2.3.1.2 Need for Generalization vs. Case-by-case Studies.

Another important reason for this application difficulty is the low degree of
generalizability of the findings of urban climatological studies. When environmental
conditions, study scales, and study methods change, different studies investigating the same
relationship can reach completely different conclusions. The manifestation is that the findings
of an urban climatological study conducted in one city are not valid in other places (Cao et al.,
2010; Li et al., 2013; McGarigal and Cushman, 2002; Xu and Yue, 2008) (see Chapter 3 for a
specific example). The problem of low universality stems from the inevitable fact that the urban

land surface is incredibly complex and variable. Sometimes a seemingly insignificant change
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in surface features can make the shape of a city's UHI effect radically different. Thus, as Munn
has stated: “The search for results that are transferable from one city to another and from one

climatic zone to another is therefore difficult.” (Munn, 1973, p. 91)

In contrast, urban planning and urban design must follow strict industrial standards. The
ideal way to influence urban construction practices is to incorporate the results of urban
climatology studies into urban design and planning standards. But this undoubtedly requires
that the results be highly generalizable. Therefore, the difficulty of generalizing urban
climatological research results inevitably hinders the knowledge transfer. Although a
climatological consultation for a specific city or a specific urban construction project is also a
possibility for knowledge transfer, this kind of spot application is still far from the expected

large-scale impact of urban climatology on urban construction.

2.3.1.3 Complex System vs. Linear Relationship

Existing single parameter approaches are characterized mainly by using a single
parameter independent of each other to describe the space and trying to extract a linear
relationship between this single indicator and the urban climate. However, this approach is
oversimplified. Both the urban atmosphere and the urban space are complex systems. The way
to reveal the interrelationship between the two with a single parameter can undoubtedly reveal
only a very small aspect of it. When environmental conditions, study scales, and study methods
change, different studies investigating the same relationship can come to completely different
conclusions (one example can be seen in Chapter 3). However, each city is unique in its land
surface and its climatic context. The low universality has made urban climatology research
unavoidably fall into endless case studies (Munn, 1973; Oke, 2006a, 2006b). If the findings of
a study cannot be generalized, then there is little chance for them to be transferred into
applicable guidelines. Trying to characterize the whole object by reducing only one aspect is
like a blind man feeling an elephant, once the perspective changes, different conclusions will
be drawn (Ireland, 2007, pp. 81-84; John Godfrey Saxe, 1872) (Figure 2-17).
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Figure 2-17 The parable of the blind men and an elephant indicates that the whole cannot be
accurately perceived by merely the side descriptions (Illustration: Hans Moller; Public
Domain).

The main reason why many regression analysis studies are flourishing in urban
climatology is that this linear relationship fulfills the needs of practical application. For
applications in urban construction, a simple and clear linear relationship is the most expected.
The main concern of decision makers is: what kind of space can cause which local climate
conditions? Therefore, researchers in the field of urban climate are always enthusiastic about

regression analysis or even exploring simple linear correlations.

However, the relationships derived from such regression analysis have been shown to be
instable across cities. Based on these studies, it is remarkably difficult to derive climate-
adaptative guidelines for urban spatial design that are applicable to various cities. The
underlying reason is that the researchers have confused the idea of addressing the “how”
question and addressing the “why” question. To practically apply the research results to urban
construction is a “how” problem, whose solution requires the analytical reductionist
methodology. On the other hand, to summarize a law that can be universally applied is a “why”
problem, the solution of which requires a synthetic holistic methodology (Figure 2-18)
(Systems Innovation, 2016).
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Reductionist Approach Holistic Approach
-- Analysis -- Synthesis
Why?
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Figure 2-18 The analytical approach is suitable for answering the “how’ questions, while the

How?

integrative approach is appropriate for the “why” questions.

Those urban climate studies that rely on regression analysis have employed exactly the

reductionist approach, which is not suitable for addressing the “why” question.

2.3.2 Applicability of the Multi-parameter Approach to Addressing the Implementation

Gap
/./"'Practical\\\ <:> Practical\“-“
Action Guides . : Nnglgfigﬁasl )
Methodological :: :: Methodological
Comprehensive & Single &
Interdependent Linear
Relationship Relationship
Philosophical o S Philosophical
Holism Reductionism
Multi-Parameter Approach Single-Parameter Approach

Figure 2-19 Advantages of multi-parameter methods over single-parameter methods.

The main reasons why the multi-parameter approach is more suitable for addressing the
current implementation gap in urban climatology can be divided into three aspects: firstly, it
compensates for the existing single-indicator approach being too one-sided, secondly, its results

can easily be used to provide specific guidelines for action, and thirdly, its holistic philosophical

51



Chapter 2:Multi-parameter Approach vs. Single-parameter Approach

basis is more suitable for solving complex urban climatology problems (Figure 2-19). These
three strengths help to address exactly the causes of the difficulties in generalizing and applying

urban climatological research results.
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Chapter 3: The Influence of Spatial
Configuration of Green Space on
Microclimate and Human Thermal
Comfort

Abstract?

Many cities are facing the prospect of increasing air temperatures and heat load because
of the urbanization and the consequent Urban Heat Island (UHI) effect. Previous studies on the
mitigation strategies focused on the cooling effect of vegetation and green areas, which were
investigated as Park Cool Island (PCI). It has been shown that the spatial configuration of a
green area can strongly influence its cooling effect. However, the specific correlation has not
been sufficiently studied. To systematically clarify the correlation between the spatial
configuration and the cooling effect of green areas, 25 idealized scenarios representing green
areas with five different spatial configurations and five vegetation types, are designed and
simulated using the microclimate model ENVI-met. The cooling effect of each scenario is
calculated by comparing the mean air temperature at 2 m height of each scenario with that of
an open space completely covered by asphalt. The human thermal comfort of each scenario is
evaluated by means of physiological equivalent temperature (PET) using RayMan. The results
reveal the influence of the fragmentation degree (quantified by the Patch Density and Edge
Density (PD & ED)), shape complexity (quantified by the land shape index), orientation of
green belt, and vegetation type on the cooling effect of a green area. The spatial configuration
and the vegetation type of green areas are found jointly affecting the efficiency of the green
areas’ cooling effect. The conclusions of this paper provide suggestions for the climate-adaptive

design and planning of urban green areas in the future.

! The study described in this chapter has been published as:

Sodoudi, S., Zhang, H., Chi, X., Miiller, F. and Li, H. (2018) 'The influence of spatial configuration of green areas
on microclimate and thermal comfort', Urban forestry & urban greening, vol. 34, pp. 85-96. Available at
https://doi.org/10.1016/j.ufug.2018.06.002.

This work is licensed under the CC BY-NC-ND 4.0.
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3.1 Introduction

The intensity and frequency of heat waves will increase in the future (Meehl and Tebaldi,
2004). Especially in urban areas, the heat waves are further enhanced by growing Urban Heat
Island (UHI) effect (Li, Wolter et al., 2018; Li, Zhou et al., 2018). The rise of air temperature
can result in many issues, including the reduced urban thermal comfort and the health of citizens
(Bai et al., 2014; Bi et al., 2011; Kovats and Hajat, 2008; Mihalakakou et al., 2004), the
increased consumption of energy and power (Chang et al., 2007; Kolokotroni et al., 2007), the
increased risk of air pollution (Sarrat et al., 2006), and the interference on the composition and
distribution of urban biological species.

Faced with problems caused by increasing urban heat waves, mitigation and adaptation
strategies were extensively explored. Since being firstly proposed by Chandler (1962), the
cooling effects of urban green areas have aroused considerable interest as a potential method
to mitigate urban heat waves (Park et al., 2012). A wealth of studies has shown that green areas
can lower the ambient air temperature and adjust the humidity of surrounding areas (Bowler et
al., 2010; Chang et al., 2007; Spronken-Smith and Oke, 1998), forming a kind of ‘oasis effect’,
which is described as Park Cool Island (PCI) (Cao et al., 2010; Jauregui, 1990). The observed
PCI amplitude ranges from 2 K to 8 K (temperature difference in Kelvin) (Taha, 1997; Wong

and Yu, 2005), and varies according to the properties of the green area.

The spatial configuration is defined by the shape, arrangement and layout of green areas
(Wilmers, 1990). It has been found that the spatial configuration of a green area significantly
affects the intensity of PCI (Cao et al., 2010; Li et al., 2012). However, the influence of the
spatial configuration of green areas has not been sufficiently explored (Weng et al., 2004;
Zhang et al., 2009). It is suggested that more studies on the influence of green configuration
should be conducted in the future (Li et al., 2012; Middel et al., 2014).

The quantification of the spatial configuration of green areas is mainly through the
landscape metrics (Chen et al., 2014a; Connors et al., 2013). The landscape metrics is a concept
from landscape ecology. It includes a series of indices that quantitatively describing the spatial
configuration of green patches. The landscape metrics commonly used in the studies of PCI
include the Land Shape Index (LSI) expressing the complexity of the patch shape (Cao et al.,
2010; Chen et al., 2014b), and the Patch Density and Edge Density (PD & ED) representing the
fragmentation of green patches (Maimaitiyiming et al., 2014; Zhang et al., 2009).

54



Chapter 3:The Influence of Spatial Configuration of Green Space on Microclimate and Human Thermal Comfort

A number of studies were conducted on the correlations between the land surface
temperature and PD & ED of green areas. However, the results of these studies were
contradictory. Some studies concluded that the cooling effect increased as PD & ED increased
(Gomez-Munoz et al., 2010; Maimaitiyiming et al., 2014), while others drew the reverse
conclusion (Cao et al., 2010; Li et al., 2013; Zhou et al., 2011). This disagreement between
studies is a consequence of the empirical approach. To provide an explanation for this

disagreement, numerical modelling is necessary as methodology.

As awidely used model in the studies of microclimate (Hedquist and Brazel, 2014; Perini
and Magliocco, 2014; Wania et al., 2012), the holistic three-dimensional non-hydrostatic model
ENVI-met ® (ENVI_MET GmbH, Germany) is utilized in this study to investigate the
influence of configuration on the cooling effects of green areas. Because of its strength in
simulating the plant-air interactions (Bruse and Fleer, 1998), ENVI-met is optimally suited for
exploring the cooling effect of the vegetation (Middel et al., 2014; Wang and Zacharias, 2015).

The cooling effect of vegetation primarily comes from three effects—evapotranspiration,

ventilation and shade (Boukhabl and Alkam, 2012). ENVI-met enables the simulation of all of
these processes. ENVI-met can calculate sensible heat flux, evapotranspiration flux of liquid
water on leaves, and transpiration flux (Wania et al., 2012). Jansson (2006) utilized ENVI-met
to research water transport processes in the urban microclimate. The effect of vegetation on
wind speed and wind direction is usually studied with regard to thermal comfort and air
pollution problems (Vailshery et al., 2013; Wang and Zacharias, 2015). As ENVI-met is a
model based on CFD, it can also work well in the investigation of the ventilation. The most
obvious influence of vegetation on heat waves is as a shelter against solar radiation. It is found
that the mean radiant temperature under foliage is much lower than that of the surrounding area
(Perini and Magliocco, 2014). The three-dimensional SPACES module and the specific plant

module Albero of ENVI-met enable the study on the shade of vegetation.

As the heat waves in urban area significantly influence the human thermal comfort of
urban residents (Gabriel and Endlicher, 2011), the physiological equivalent temperature (PET)
(Hoppe, 1999; Matzarakis et al., 1999; Mayer and Hoppe, 1987) is taken as the thermal indices
in this study to evaluate the cooling effect of green areas from the point of view of the human
thermal comfort. Wide variety of studies were undertaken to explore human thermal comfort
by PET in different regions and climate zones (Ahmed, 2003; Eludoyin, 2014; Farajzadeh and
Matzarakis, 2012; Li and Chi, 2014; Nikolopoulou and Lykoudis, 2006). Because of its

comprehensive and effective assessment of thermal comfort, PET has been widely used to
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evaluate the thermal environment of urban regions (Andreou, 2013; Taleghani et al., 2014;
Thorsson et al., 2011).

The idea of this study comes from the redevelopment plan for the former Tempelhof
Airport in Berlin, Germany. After years of debate, Berliners voted against the redevelopment
of the former airport in a public referendum in May 2014. 65% of voters voted against the
Senate’s plans, and secured the use of the site as a public park (Hilbrandt, 2017). As the site of
Tempelhof Airport also faces with risk of overheating, before it is re-constructed as a green
area, the following questions should be answered: Which is the optimal layout of this green
area, one integrated green area or several smaller distributed green areas? What is the optimal
shape of the green areas, belt or square? What is the optimal vegetation type of the green areas,

shrubs or trees?

In order to answer these questions and further explore the systematic correlations between
the cooling effects and spatial configurations of green areas, in this study, 25 idealized scenarios
representing green areas with five layouts and five vegetation types were designed and
simulated by numerical model ENVI-met. The landscape metrics were utilized to quantitatively
describe the spatial configurations, aiming at generalizing the results of the present study. The
PET of each scenario was calculated using RayMan model, to evaluate the cooling effect from
the point of human thermal comfort. The results of this study can provide suggestions for the
redevelopment plan of Tempelhof Airport Berlin, as well as o for the climate-adaptive design
of urban green areas adapting to the heat waves.

3.2 Methodology

3.2.1 Study Area

The study was conducted in Berlin (52.52°N, 13.38°E), Germany. Berlin has large
urbanized areas and displays pronounced Urban Heat Island effect (Li et al. 2017; 2018). On
hot days, people living in the city centre suffered from increased heat stress risk (Gabriel and
Endlicher, 2011). This study was conducted for the former Berlin Tempelhof Airport located
near the centre of Berlin.

3.2.2 Design of Scenarios

By use of the SPACES module of ENVI-met, 25 idealized scenarios of green areas with
five different configurations and five vegetation types were constructed (Figure 3-1). The

configuration types included Configuration 1—one central green area, Configuration 2—four
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dotted green areas, Configuration 3—sixteen dotted green areas, Configuration 4—four belt-
shaped green areas aligned South to North, and Configuration 5—four belt-shaped green areas
aligned West to East. The whole domain of each scenario is 10000 m? and the total green area
in all scenarios was equal to 2500 m?. The five configurations were combined with five different
vegetation types: trees with big canopies (Height/Diameter of canopy: 20 m/15 m), trees with
small canopies (Height/Diameter of canopy: 10 m/5 m), hedges and shrubs, 50 cm grass, and
10 cm grass. The spaces excepting the green areas in the scenarios were covered by asphalt to
imitate the city areas.

In order to evaluate the cooling effect of each scenario, one control scenario completely
covered by asphalt was simulated. The difference of the mean air temperature on 2 m height

between the control scenario and the objective scenarios was calculated.

Configuration 4x100%x6.25m  4x100%6.25m
c 5f.°"5°t’,“ 1c 4’;?5X2fm 5 106x1f_2'5x 1252 Configuration 4 Configuration 5
— onfiguration onfiguration onfiguration (W-E) (S-N)

type

Grass 10cm

Grass 50cm

Hedges-
Shrubs

Tree-small
canopy

Tree-big
canopy

Figure 3-1 Configuration of studied area on the simulation day.
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3.2.3 Numerical Modelling
3.2.3.1 Configuration of the ENVI-met

In this study, the micro-climatic conditions of the 25 green areas were simulated using
ENVI-met 4.0. Two hot and sunny days in Berlin (8"/ 9 June 2014) were selected to explore
the potential cooling effect of the green areas in this site during heat waves (Figure 3-2). The
daytime lasts for around 16 h during this summertime. According to the meteorological
observation at Tempelhof meteorological station (52.27°N, 13.38°E), the maximum air
temperature at 2 m height was 31 °C, with an average of 23 °C combined with calm wind (2.06
m/s at 10 m height) and low relative humidity (27%). Based on the meteorological condition of
study area and the designed scenarios, the configuration file of the model is shown in Table
3-1.

Berlin Tempelhof (10384) 52.47°N 13.4°E (50m asl)

08.06.2014 09.06.2014

— Air Temperature

Dew Point

%

km/h
N
o

minutes
w
o

P P P P PP P L PP PP LIS
FIPILLT PP LPLLPLPLELPLLPLLSLLL LS SLSLS
N S SR RSN SR S P S S S SRS S SR S Sty %

M Total Sunshine Duration

Figure 3-2 The daily time series of meteorological data (Meteogram) of the weather station
located in Berlin Tempelhof (10384) from June 8 to June 9, 2014 (Data from Meteostat.net).
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Table 3-1 The configuration of ENVI-MET for the simulation.

city Berlin

longitude, Latitude 52.52°N, 13.38°E
elevation (m) 34

simulation date 08-09.06.2014
wind speed at 2 m (m/s) 2.06

wind direction (0: N 90: E 180:S 270:W) 210 (Southwest)

roughness length (m) 0.01
initial temperature atmosphere (K) 298.5
whole domain (m?) 10,000
vegetation domain (m?) 2,500
vegetation types 5
configuration types 5

3.2.3.2 Evaluation of the ENVI-met

The performance of the ENVI-met model in simulating air temperature at green areas in
Berlin was evaluated using the measured and simulated data of the project of Berlin-
Brandenburg Academic of Science (BBAW): The historical garden in climate change (Hiittl et
al., 2020). The measurement was carried out in Tiergarten -- the central park of Berlin with
various vegetation types and configurations of green areas. The air temperatures at 2 m height
in 24 h were recorded in three measuring points respectively in the vegetation types of grass,
tree-grass and tree-shrub-grass. The corresponding simulated air temperature using ENVI-met

were compared with the measured data.

3.2.4 Analysis of the Simulated Data

The simulated meteorological condition of the 25 scenarios were analyzed at three time
points: 2 pm, 10 pm, and 5 am. As the greenery is well known as a strategy to mitigate the
urban heat island, these three time points were selected as samples because of their

representativeness in the mitigation of urban heat island. At 2 pm, the cooling influence of the
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shades and evapotranspiration are the highest. At 10 pm after sunset, there is no more cooling
effect from shades in the 25 scenarios, while the urban heat island intensity of the reference
asphalt scenario is still high. At 5 pm before sunrise, there is also no cooling effect from shades
in the 25 scenarios, but the reference asphalt scenario has been cooled down because of the heat
dissipation. These times points were also used as samples in the previous studies (Lehmann et
al., 2014; Mathey et al., 2015).

3.2.5 Quantification of the Spatial Configuration through the Landscape Metrics
The green spaces in the scenarios were quantified by three landscape metrics: Patch

Density (PD), Edge Density (ED) and Land Shape Index (LSI) ).

PD & ED are significant landscape metrics describing the fragmentation of green spaces
(Li et al., 2013; Liu and Weng, 2008). PD represents the number of green patches divided by

total landscape area, while ED represents the total length of edges per unit area (Table 3-2).
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Table 3-2 Descriptions and equations for Patch Density and Edge Density (PD & ED)

Abbreviation Definition Equation Unit
PD=2x10*
A
Patch Densities of
_ PD n= total number of number/ha
Density patches patches
A=total area
Total length of all 10000
g ED="S2 X BT ¢

edge segments of
green space per  "=number of segment
ei=edge length
hectare. A=total area

Edge Density ED m/ha

Land Shape Index (LSI), which is designed by Patton (1975), describes the complexity
and compactness degree of the patch shape. It was known as a factor affecting the Park Cool
Island (PCI) (Liu and Weng, 2008; Cao et al., 2010). A concentrated shape has a low LSI value,
while a complicated shape has a high LSI value. The equation for LSI is shown as below.

Py

LSI == (1)

Pt is the total perimeter, and A is the total area.

3.2.6 Assessment of Human Thermal Comfort

In this study, the physiological equivalent temperature (PET) is taken as the thermal
indices to assess the cooling effect of green areas from the point of view of the human thermal
comfort. PET is defined to be equivalent to the air temperature that is required to reproduce in
a standardised indoor setting and for a standardised person the core and skin temperature that
are observed under the conditions being assessed (Hoppe, 1999). PET applied in this study
assessed human thermal comfort (Table 3-3) by considering the meteorological conditions,
human metabolic heat exchange rate, and other individual-related parameters such as age,
gender, height, weight, and clothing, allowing a comprehensive assessment of the effectiveness

of adaptation measures.
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Table 3-3 The comfort/sensation scale of the physiological equivalent temperature (PET)
according to Matzarakis and Mayer (1997).

PET/°C Thermal perception Grade of physiological stress

8.1-13.0 Cool Moderate cold stress
13.1-18.0 Slightly cool Slight cold stress
18.1-23.0 Comfortable/Neutral No thermal stress
23.1-29.0 Slightly warm Slight heat stress
29.1-35.0 Warm Moderate heat stress

The model RayMan Pro version 2.1 was used to calculate PET in this study (Matzarakis,
2012). RayMan is well suited for determining microclimatic changes in different urban
structures, as it calculates the radiation fluxes of different surfaces and their changes (Gulyas
et al., 2006). In this study, the RayMan model was driven by the meteorological data, which
are exported from ENVI-met, including air temperature, relative humidity, mean radiant
temperature and wind velocity.

3.3 Results and Discussion

3.3.1 Evaluation of the Simulation

Figure 3-3 shows the diurnal variations of the simulated and measured air temperature
(left), and the corresponding linear fitting (right). It can be observed that the simulated air
temperature consists with the measured air temperature well, with the correlation coefficient of
0.92 (P<<0.05), RMSE=1.26 (Middel et al., 2014). With the relatively low RMSE and high
correlation coefficient, the simulation model ENVI-met in the study of green areas can be

evaluated as reliable.
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Figure 3-3 (a) The mean hourly 2 m air temperature measured on the walkway surrounded by
three vegetation types in Tiergarten (red) and the corresponding simulated air temperature
(black); (b) The scatter diagram showing the correlation between the measurement and
simulation.

3.3.2 General Conditions of Cooling Effects in 25 Scenarios

Figure 3-4 shows the diurnal variation of the mean cooling effect of 25 scenarios at 2 pm,
10 pm, and 5 am. The mean cooling effect was calculated by the difference of the mean 2 m
height air temperatures between each green area scenario and the control area covered by
asphalt. In every scenario, the mean cooling effect decreases as the time goes on from 2 pm to
5 am. The cooling value is the greatest at 2 pm in all scenarios. Cooling effects at 10 pm are
greater than that at 5 am. The highest mean cooling value appears at 2 pm, reaching 6.3 K in
the scenario of Configuration 4 with tree-big canopy, while the lowest one appears at 5 am,
with 1.2 K for Configuration 1 with 10 cm grass.
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Figure 3-4 Mean cooling effect by different scenarios at 2 pm, 10 pm, and 5 am.

The differences in cooling effects between different scenarios were greater in daytime
than that at nighttime (Figure 3-4). The difference in cooling effects between different scenarios
decreased after sunset. Every scenario exerted obvious diurnal variation. This was because of
strong daytime radiation, leading to greater evapotranspiration and a larger difference between
shaded areas and un-shaded areas. At night, the stomata close due to the lack of radiation, and
vegetation has no cooling effect from transpiration. Naturally, there is no shades to distinguish
green and impervious area at nighttime. Trees also inhibit nocturnal long-wave radiative
cooling because of smaller sky view factor, while excess moisture increases the thermal

capacity of the soil and slows down surface cooling.

In every scenario, the total green area was equal, although the configuration and
vegetation type were different. In order to compare the cooling effect of different scenarios, the
size of areas with cooling in excess of 1.5 K was estimated. Figure 3-5 shows the percentage

of the total cooled down area featuring cooling in excess of 1.5 K.

In Figure 3-5, green values indicated a percentage greater than 50%, while red values
indicated a percentage lower than 10%. Most of the percentages greater than 50% were related

to scenarios with trees with canopies and scenarios with scattered or belt-shaped configuration.

64



Chapter 3:The Influence of Spatial Configuration of Green Space on Microclimate and Human Thermal Comfort

Configuration/ Time 50x50m 25x%25m 12.5%12.5m 100%6.25m 100x6.25m
Vegetation : Configuration1 Configuration2 Configuration3 Configuration4 Configuration5
2 pm 31.8 40.7 45.9
Grass 10cm  10pm 277 q 27.9 Q 13.2 @ 422 \% 12.4 %
5am 244 17.4 3.8 20.2 0.0
2pm 322 431
Grass 50cm 10 pm 28.8 q 20.7 Q 125 @ 413 \E 6.6 ga
5am 26.7 22.5 6.3 31.2 0.0
2 pm 324 46.8
Hedges-  49pm 304 q 39.1 q 36.7 q 45.9 Q
Shrubs 5am 27.9 29.8 19.7 254
2 pm 346
Tree-small  10pm 322 q 45.0 Q @
canopy 5am 27.0 30.3 19.2 20.3
2pm
Tree-big 10 pm %
canopy 5am 347

Figure 3-5 The percentage of the area cooled down by more than 1.5 K, green: a>50% of the

whole area, red: <10% of the whole area.

3.3.3 Effect of Patch Density and Edge Density (PD & ED) of Green Are on Cooling
Effect

Configurations 1-3 were configurations with different Patch Density (PD) and Edge
Density (ED). As the number of patches raised from 1 to 16, the PD increased from 1/ha to
16/ha, and the ED increased from 200 m/ha to 800 m/ha (Table 3-4). In order to concisely
illustrate the influence of PD & ED on the cooling effect, the mean cooling effect and maximum
cooling effect of Tree-big canopy, Tree-small canopy and 50 cm Grass scenarios, which were

the most representative vegetation types, were compared (Figure 3-6).

Table 3-4 Patch Density and Edge Density (PD & ED) of Configurations 1-3.

Configuration 1 Configuration 2 Configuration 3
Patch Density (PD)
1 4 16
(number/ha)
Edge Density (ED)
200 400 800

(m/ha)
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In terms of the mean cooling effect, when the vegetation type is Tree-big canopy, there
is a clear increase in cooling effect as PD & ED increase. At 2 pm, the cooling of configuration
1 is significant lower (1.96 K) than configuration 3, for trees with big canopy. However, when
the vegetation type changes, the trend starts to turn. When the vegetation type is changed to
Tree-small canopy, the stronger cooling effect of Configuration 3 is no longer obvious. The
difference between Configurations 1 and 3 is only 0.13 K at 2 pm. This slight difference is
barely noticeable at 10 pm and 5 am. When the vegetation type is Grass 50 cm, a reverse trend
can be observed: the cooling effect decreases as PD & ED increases. The cooling effect of

Configuration 1 at 2 pm is 0.04 K higher than Configuration 3. These reversed differences
expand to 0.1 K at 10 pm and 0.9 K at 5 am.
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Figure 3-6 Mean cooling effect and Max cooling effect of Configurations 1-3.

The previous study (Forman, 1995) indicated that an increase in the PD & ED of a green
space enhanced shade, and the interactions between the green space and its surrounding area.
Therefore, more scattered green spaces leaded to greater cooling effects. The results of this
study indicate that this conclusion is only valid when the vegetation type contains trees with
big canopies. When the vegetation type includes trees with small canopies, or even hedges and
grass, this trend tends to reverse.

It can be estimated that when the cooling ability and shade of a single green patch is large
enough, more scattered green spaces perform better in terms of mean cooling effects. This is

because the scattered green spaces provide more shade, and interact more with the surrounding
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impervious area. The opposite effect emerges when the cooling ability and shade of a single
patch is too small, the more scattered green spaces have worse mean cooling effect, due to the

reduction of the area of a single patch.

In terms of the maximum cooling effect (the difference between the coolest point in the
scenario and the control asphalt scenario), green spaces with lower PD & ED perform better in
most cases. The maximum cooling effect of Configuration 1 is always higher than that of
Configuration 3. This is to say, when total area is constant, green spaces with a more centralised

configuration have lower central air temperature (Figure 3-7).
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Figure 3-7 Simulated air temperature of Configuration 1-3 at 2 pm (vegetation type: tree-big
canopy).

3.3.4 Effect of Land Shape Index (LSI) of Green Areas on Cooling Effect

In the comparison of configurations with vegetation types “Trees-big canopy”, “Trees-
small canopy” and “Grass 50 cm” (Figure 3-8), Configurations 4 and 5 always show clear
advantages in terms of mean cooling effect. The green areas in Configurations 4 and 5 both
indicated the belt shape. This greater cooling effect can come from the stretched green space

shape and the higher Land Shape Index (LSI).

Studies in ecology have claimed that green patches with higher LSI led to greater
ecological benefits, because of better interactions with the surrounding area (\Vos et al., 2008).
In a similar way, in this study, green spaces with more complex shapes can provide a greater

cooling effect.

To analyse the influence of LSI, Configurations 2 and 4 were compared. As shown in
Table 3-5, despite having the same patch density and total area, the LSI of Configuration 4 is

much higher than that of Configuration 2. This phenomenon is caused by the more stretched
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shape of Configuration 4. According to the simulation data (Figure 3-9), Configuration 4
always performs better in terms of mean cooling effect. This advantage is clearer when the
vegetation type is Trees-big canopy. Therefore, it can be concluded that when the area and
patch density are constant, belt patterns with higher LSI perform better than those with dotted
patterns, in terms of cooling effects. This result agrees with previous studies (Cao et al., 2010;
Liu and Weng, 2008). When the total area and vegetation type are fixed, the longer the
perimeter a single patch has, the more shade is provided, and the greater the interactions with
the surrounding areas. In another words, high LSI increases the cooling efficiency of an
integrated patch (Zhou et al., 2011).

Table 3-5 Patch Density and Land Shape Index (LSI) of Configuration 2 and Configuration 4.

Configuration 2 Configuration 4
Patch Density
4 4
(number/ha)
Land Shape Index 0.16 0.4

In the comparison shown in Figure 3-8, the mean cooling effect of Configuration 4 is
always higher than that of Configuration 5. The only difference between these two
configurations is the direction of tree belts, which directly affects the ventilation conditions.
The wind direction was blowing from South-West (210°). Configuration 4, with North-South
(180°) tree belts, is closer to parallel with the wind direction than Configuration 5 with West-
East (90°) tree belts.
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Figure 3-8 Mean cooling effect of three selected vegetation types.

According to former research, vegetation with big canopies can substantially affect
ventilation (Waniaetal., 2012). As shown in the simulated wind field, the ventilation conditions
of Configuration 4 are better than those of Configuration 5, out of the direction of tree belts
(Figure 3-10). The maximum wind speed in Configuration 4 is 2.45 m/s and the maximum wind
speed in Configuration 5 is 2.2 m/s. The mean wind speed in the canyon of Configuration 4 is
1.65 m/s, and the mean wind speed in the canyon of Configuration 5 is 1.33 m/s. Tree belts
which are close to parallel to the wind direction tend to form straight-forward air channels. On

the contrary, tree belts which are closer to perpendicular to the wind direction are more likely
to block the airflow.
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Figure 3-9 Simulated air temperature of Configurations 2 and 4 at 2 pm (vegetation type: tree-
big canopy).
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Figure 3-10 Wind speed and direction in Configurations 4 and 5. The colour indicates the
wind speed in m/s and the wind direction is shown by arrows.

As ventilation is critical to heat dissipation, configurations with less ventilation store
more heat internally. In addition, as shown in Table 3-6, higher winds in the green belt in
Configuration 4 carry heat (sensible heat) and moisture (latent heat) away from the surface and

increase these heat fluxes. It results in the lower mean air temperature in Configuration 4.
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Table 3-6 Comparison of configuration 4 and 5 in terms of turbulent fluxes.

Variable
(W/m?) | Sensible heat Latent heat
Conf.
Configuration 4 187.81 105.66
Configuration 5 162.80 97.44

3.3.5 Effect of Vegetation Type on Cooling Effect

There were five common vegetation types in the simulated scenarios. The mean cooling
effect of different vegetation types in each scenario were compared at 2 pm, 10 pm and 5 am.
The results show that “Tree-big canopy” vegetation generates the largest cooling effect,
followed in descending order by Tree-small canopy, Hedges-shrubs, Grass 50 cm and Grass 10
cm (Figure 3-11).

It is notable that the difference in mean cooling effect between Tree-big canopy and the
other vegetation types is particularly large. In comparison, the difference between the other four
vegetation types is not obvious enough. In particular, at 2 pm in Configuration 4, the mean
cooling effect of Tree-big canopy is three times larger than the other vegetation types. This
result indicates that when it comes to the influence of vegetation type on cooling effect, canopy
is the most effective factor, directly blocking incoming short-wave radiation, thereby reducing

the absorbed energy.

On the other hand, when there is no significant difference in canopy, as the total leaf area
increases, the cooling effects of vegetation increase. Quite an amount of research has observed
this positive correlation between cooling effect and leaf area index (LAI). Because the increased
LAI of vegetation lead to increased shade and evapotranspiration (Hardin and Jensen, 2007; Li
et al., 2016; Shashua-Bar and Hoffman, 2000). At 10 pm and 5 am (Figure 3-12 and Figure
3-13), the cooling ranking of different configurations is the same as at 2 pm. Due to the lack of
shade and transpiration, the differences between different configurations decrease.
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Figure 3-11 Mean cooling effect of different vegetation types at 2 pm.
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Figure 3-12 Mean cooling effect of different vegetation types at 10 pm.
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Figure 3-13 Mean cooling effect of different vegetation types at 5 pm.

3.3.6 Human Thermal Comfort of Green Areas

The mean PET values of each scenario at three representative times are shown in Figure
3-14. The PET values of 2 pm, 10 pm and 5 am are distributed in the range of 38.3-53 °C, 23—
26.8 °C, and 23-26.8 °C. According to (Table 2-1), PET values from 13 °C to 29 °C are classed
as pleasant, 35 °C to 41 °C as strong heat stress, and greater than 41 °C as extreme heat stress.
The variation of PET values at 10 pm and 5 am are very small; the values are between 20.7 °C
and 26.8 °C, which are all pleasant. At 2 pm, the PET values are very high (average value is
50.6 °C); all of them are in the heat stress range. The lowest PET values appear in tree-big
canopies scenarios, particularly at 2 pm. Tree-big canopy scenarios clearly show cooler PET
values. Figure 3-15 shows that vegetation type tree-big canopy can improve PET by more than

15 K, confirming the importance of using shade trees in urban green areas.

The PET differences (D-value) of 25 scenarios, compared with a surface covered by
asphalt, were calculated (Figure 3-16). The PET differences at 5 am and 10 pm are very small,
in every scenario at any time, except for the scenarios with trees-big canopies at 2 pm. At that
time, the D-value is much higher than other times. These results also highlight the importance

of shade in improving thermal comfort.

As shown in the Figure 3-15, the difference value of PET in trees-big canopy scenarios
is clearer at 2 pm than at any other time. The PET difference between trees-big canopy scenarios
and an asphalt surface varies between 5.3 K and 15.9 K at 2 pm. At other time, the difference

range is lower than that at 2 pm (ranging from 2.1-4.9 K), but still higher than in other

73



Chapter 3:The Influence of Spatial Configuration of Green Space on Microclimate and Human Thermal Comfort

scenarios. The trend of PET difference in every scenario with tree-big canopy, shows the rising
tendency at 2 pm. The range is from 5.4 K (Configuration 1 with tree-big canopy) to 15.9 K
(Configuration 5 with tree small canopy) (Figure 3-16). The highest PET difference is shown
in Configuration 5, although the highest temperature difference is seen in Configuration 4
(Figure 3-8, left) at 2 pm. At other times, PET differences show a similar result as for

temperature (Figure 3-16; Figure 3-8, left).

This is due to the jointly effect of shade and ventilation. The prevailing wind in every
scenario blows from the South-West (210°) direction, providing better ventilation in
Configuration 4. As good ventilation helps to reduce heat, in every trees-big canopy scenario,
almost at every time, the Configuration 4 scenario is the best in terms of both PET and
temperature. At 2 pm, although the cooling effect of Configuration 4 is higher than
Configuration 5 (Figure 3-11 to Figure 3-13). the PET of Configuration 5 is higher than
Configuration 4 (Figure 3-16). This is due to another influence factor—shade. The sun is in the
South at 2 pm. Configuration 4 has a smaller amount of shade than Configuration 5, fixing the
disparity induced by wind direction. At 2 pm, Configuration 5 has 196 m?, about 2 % more
shade than Configuration 4. The shade reduces the incoming short-wave radiation and the mean

radiant temperature. Mean radiant temperature shows a direct relationship with thermal comfort

(Hoppe, 1999; Thorsson et al., 2011).
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Figure 3-14 The mean PET values of 25 scenarios at 2 pm, 10 pm and 5 am.
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Figure 3-15 Difference value of PET of different scenarios compared to asphalt at 2 pm, 10
pm, and 5 am.
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Figure 3-16 Difference value of PET by trees-big canopy.
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3.4 Conclusions and Application

This study investigated the influence of spatial configurations of green areas on the

microclimate and thermal comfort. The major conclusions are summarized as follows:

Green areas can generate cooling effects and improve the thermal comfort, especially at
the daytime of hot summer days. The shade of vegetation is the dominant factor of the cooling
effect. In addition, the ventilation and leaf area index of green areas also influence the cooling
effect obviously. By affecting the shade, ventilation and leaf area index, the spatial
configuration influences the cooling effect of green areas on microclimate and human thermal

comfort.

The belt-shaped green areas with the orientation parallel to the direction of the wind
produce the strongest cooling effect. The trees with big canopies have the best cooling effect.
The combination of trees with big canopy and belt-shaped green areas along wind direction can

achieve the largest improvement of the microclimate and thermal comfort.

The influence of fragmentation of green areas depends on the vegetation type. When the
vegetation type is Tree-big canopy, the cooling capacity of each green patch is large enough.
At this time, the mean cooling effect grows as the fragmentation of green areas increases,
because more shade and interactions can be generated. When the vegetation type is Shrubs and
Grass, the cooling capacity of a single patch is not large enough. In this case, the mean cooling
effect decreases as the fragmentation of green areas increases, due to the reduction of the area

of a single patch.

In terms of the maximum cooling effect, green spaces with lower fragmentation performs
better in most cases. Because green spaces with more integrated layout can achieve lower

central air temperature.

The belt-shaped green area with higher shape complexity forms lower mean air
temperature, compared with the dotted green area with lower shape complexity. Because the
green areas with more complex shape provided more interactions with the surrounding city

area.

The results of this study can be summarized in the following decision tree. The data used
for this decision making is the cooling effects at 2:00 pm. This decision tree provides the
importance (weights) of each decision parameter and scores the different variables for each
decision parameter (Figure 3-17).
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The weights of the parameters are calculated as follows:
1) calculating the mean of cooling effects for all levels of each parameter.

2) expressing the dispersion of the mean cooling effects of each parameter using

variance.

3) normalizing all the variances values representing the dispersions. The weights of

different parameters can be then obtained.
The scoring of the different variables in each parameter is calculated as follows:

The ratio of the mean of the cooling effects of each variable in one parameter to the sum
of the means of all the variables of that parameter is calculated. This ratio is used to characterize

the cooling intensity score of that variable in the parameter.

This decision tree can be used in two ways: firstly, to give the best combination. That is,
choosing variables with the highest scores from each of the parameters for decision-making.
For example, in this study, the best combination is Tree big canopy + stretched land shape +
scattered layout + green-belt parallel to wind. Secondly, to compare candidate schemes. The

final decision can be easily achieved by comparing the total scores of the candidates.
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Figure 3-17 Decision tree derived from the research results.
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Chapter 4: How Do Walkways in Historic
Gardens Affect the Thermal
Comfort of Pedestrians? An
Example from Berlin's Tiergarten

Abstract?

Along with the global climate change and the accelerating Urban Heat Island (UHI)
effect, people living in mega-cities are facing growing heat pressures. As a consequence, the
outdoor activities of citizens are increasingly conducted in the green spaces that can mitigate
the local heat pressures and form the comfort microclimate. The cooling effects of green spaces
on the people are influenced by many properties of green spaces, including the Sky View Factor
(SVF), the density and structure of the vegetation, and the width of the walkway in the green
space, etc. In order to explore the optimal spatial configuration of the green space for the
outdoor microclimate, this study investigates the Tiergarten, which is the central historical park
of Berlin, Germany, containing multiple types of green areas, and enabling diverse outdoor
activities for the citizens of Berlin. The study consists of two parts: the in-situ measurement
and the numerical simulation. In the phase of the measurement, the meteorological data was
measured in nine types of green spaces in the Tiergarten, combining three widths of walkways
(3m, 5m, 7m) and three vegetation types (Grass, Tree&Grass, Tree&Shrubs). In the part of the
simulation, 15 idealized scenarios of green spaces containing different SVF, vegetation types,

2 This study described in this chapter has been published as:

Zhang, H., Chi, X., Muller, F., Langer, I., & Sodoudi, S. (2019).Wie wirkt sich der Tiergarten Berlin auf das
Wohlbefinden der Menschen aus? Eine Studie Uber den Kiihlungseffekt von Grinflachen und den thermischen
Komfort der FulRganger. In Reinhard F. Hiittl/Karen David/Bernd Uwe Schneider (Hrsg.): Historische Géarten
und Klimawandel: eine Aufgabe fir Gartendenkmalpflege, Wissenschaft und Gesellschaft.—ISBN: 978-3-11-
060748-2.—Berlin/Boston: De Gruyter Akademie Forschung, 2019 (Forschungsberichte/Interdisziplindre
Arbeitsgruppen der Berlin-Brandenburgischen Akademie der Wissenschaften; 42) (pp. 167-179). De Gruyter
Akademie Forschung. Available at https://doi.org/10.1515/9783110607772-015.

This publication was in German. The published article did not present all results due to length constraints. In
this chapter, we present more detailed results than were available in the published version.
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and widths of walkways were simulated using the micro-climatic model ENVI-met. In addition,
the Physiological Equivalent Temperature (PET) was calculated using RayMan model to
evaluate the cooling effect of each type of green spaces. The results show that the human
thermal comfort in the green space is jointly affected by the SVF and the open degree of the
space. The SVF is determined by the canopy density, and the open degree is determined by the
width of a walkway and the vegetation type. The green space combing the low SVF and the
high open degree is optimal for the human thermal comfort against the heat pressure. The
conclusion of this study can give advice to the citizens in selecting the superior green space for
outdoor activities, as well as provide suggestions for the climate-adaptive landscape design of

green spaces in the future.
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4.1 Introduction

Tiergarten is the central park and one of the largest parks in the city of Berlin. As a
historical park in Berlin, the beginning of Tiergarten can be traced back to the 16th century.
Nowadays, with its dense forest, Tiergarten has become an important natural recreation area
for the residents of downtown Berlin. The main open spaces in Tiergarten are the walkways,
where the citizens engage in various outdoor activities, including strolling, jogging, and
bicycling. It is interesting for the pedestrians to know which walkways in the Tiergarten are
cooler for exercising on hot summer days. Under the heat stress, how can people choose the
thermally comfortable walkways in Tiergarten for outdoor activities? In addition, it will also
be useful for landscape architects to know why some walkways are cooler than others, and what

inspiration it can bring to the future climate-adaptive walkway design.

To answer these questions, this study attempted to explore that the walkways in which
area in the park is more thermal-comfortable for pedestrians to execute the outdoor activities
in the hot summer days. To achieve this goal, this study is going to explore the joint effects of
three spatial features: width of walkways, vegetation density along walkways, and the Sky

View Factor (SVF) above walkways, on human thermal comfort on the garden walkways.
This study was conducted in roughly four steps:

1. Classification of Walkway Spaces: Through field surveys, the walkways in the park
were roughly classified into nine types according to the walkway width and the vegetation type

along the walkway.

2. Field Measurement: For each type, one measuring point was selected for 24-hours field
measurements. The results of the measurement were used to explore the general spatial-

atmosphere relationships and evaluate the subsequent simulation.

3. Climatic Modeling: 15 idealized scenarios embracing the combination of three spatial
features: walkway width, vegetation type along the walkway, and the Sky View Factor (SVF),

were constructed and simulated for 24 hours by ENVI-met model.

4. Evaluation and Generalization: The simulation outcomes were evaluated by PET to
derive the joint effects of the three spatial features on human thermal comfort. The results can
be generalized to the whole park according to the spatial classification done in the first step.

Then the map of human thermal comfort of the park can be drawn accordingly.
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4.2 Methodology

4.2.1 Field Measurement

Tiergarten occupies ca. 520 acres of land, with 12.76 km long walkways. After a thorough
investigation on all the walkways, it was found that the walkways can be classified by two
features: the widths of walkways and the surrounding vegetation types. Therefore, nine
measuring points were selected in Tiergarten, demonstrating three widths of walkways (3 m,
5 m, 7 m) and three surrounding vegetation types (Grass, Tree & Grass, Tree & Shrubs) (Figure
4-1).

Vegetation Type
[ >
P1: 7m Path- Tree & Shrubs P2: 7m Path-Tree & Grass P3: 7m Path-Grass
P9: 5m Path- Tree & Shrubs P7: 5m Path-Tree & Grass P4: 5m Path-Grass
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=
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P5: 3m Path- Tree & Shrubs P8: 3m Path-Tree & Grass P6: 3m Path-Grass

Figure 4-1 Actual views of nine measurement points containing two features: vegetation type
and walkway width.
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The mobile measurements were made in the middle of the walkway, representing the
people walking on the walkway. The measuring site was set in the southeast corner of
Tiergarten, because of the diversity of types of walkways in this area. The nine measuring
points were selected along a circle route so that one round of moving measurement can be
completed within 30 minutes (Figure 4-2). At hourly intervals, two members of the measuring
team walked from point 1 to point 9 in sequence to measure the data at each point. One of them

measured the data and the other recorded the data.

13°19'53"E 13°22'41"E

52°31'13"N

52°30'17"N

Figure 4-2 Location of the measuring area in Tiergarten (a) and the route of the moving
measurement through points (b).

The measurement was conducted from Aug 30 to Aug 31, 2017 (Figure 4-3). During the
measuring day, the highest air temperature exceeded 30 °C, representing that it was a typical
summer day. The measurement period was from 9 am to 9 am (+1 day), lasting 24 hours with
one hour measuring interval. The measured data included the air temperature (T,), globe
temperature (Ty), relative humidity (RH), wind speed(v), infrared surface temperature (IR) and
the Sky View Factor (SVF) (Figure 4-4). All the measurements were taken at 1.1 m height,

representing the middle of the human body.
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Figure 4-3 The daily time series of meteorological data (Meteogram) of the weather station
located in Berlin Tempelhof (10384) from Aug 30 to Aug 31, 2017 (Data from Meteostat.net).
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SVF=0.2888 SVF=0.1698 SVF=0.4588
P1:7m Path- Tree & Shrubs P2:7m Path-Tree & Grass  P3:7m Path-Grass

SVF=0.2658 SVF=0.4738 SVF=0.7198
P9: 5m Path- Tree & Shrubs P7:5m Path-Tree & Grass P4: 5m Path-Grass

SVF=0.1408 SVF=0.6808 SVF=0.5858
P5:3m Path- Tree & Shrubs P8:3m Path-Tree & Grass  P6: 3m Path-Grass

Figure 4-4 The fisheye photos of measuring points and the corresponding Sky View Factor
(SVF) calculated by RayMan model.

4.2.2 Multivariate Modeling Experiments

According to the preliminary analysis of the measured data, a hypothesis was formulated.
The human thermal comfort on the walkway is jointly influenced by three properties: the Sky
View Factor (SVF) above the walkway, the width of the walkway, and the vegetation
type. Therefore, a system of scenarios for the simulation is designed based on these three
properties. As shown in Figure 4-5, the scenario system for the simulation contains three
dimensions: three widths of walkways (3 m, 5 m, 7 m), three surrounding vegetation types
(Grass, Tree & Grass, Tree & Shrubs), and two SVFs (low SVF with tree canopy on the
walkway, high SVF without tree canopy on the walkway).
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No Canopy on Walkway Canopy on Walkway
Grass Tree & Grass Tree & Shrubs Tree & Grass Tree & Shrubs

5-m wide
walkway

7-m wide
walkway

Figure 4-5 The design of scenarios for multi-variate simulation.

3-m wide
walkway

4.3 Results

4.3.1 Results of Field Measurement
4.3.1.1 Overall Measured Results

The D-values of the 1.1 m high air temperature (T,) between the nine measuring points
in Tiergarten (T,) and the weather station in urban space (T,,) are presented in Figure 4-6. At
daytime (2 pm), some of the measuring points in Tiergarten show higher T, than the urban
weather station. At night (10 pm), all the measuring points are cooler than the urban weather
station. The T, difference within the measuring points at daytime are larger than that at

nighttime.

This phenomenon is closely related with the Sky View Factors (SVF) of the measuring
points (Figure 4-4). At daytime, all the measuring points which are warmer than the urban
weather station have the SVF higher than 0.4, while the SVF of the measuring points which are
cooler than the urban weather station are all lower than 0.3. The high SVF leads to strong short-
wave radiation at daytime, which will directly increase the quantity of heat. Furthermore, the
walkways in Tiergarten are paved by sands, which have low specific heat capacity. The
temperature of the sand surface increases faster than the other material under the same heat.
Therefore, the measuring points in the middle of the walkways under the high SVF show higher

temperature than the urban weather station.
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At night, the T, difference caused by the SVF vanished. The T,, of the measuring points
are more like each other. The Figure 4-6-bottom shows the T,, difference between 2pm and
10pm, indicating the ability of the heat dissipation of each scenario. It can be found that the
scenario with higher SVF also shows higher heat dissipation after sunset.
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Figure 4-6 Air temperature (T,) difference between urban weather station at Jagow Street
(T;,) and measurement points (T,) in 7 m, 5 m and 3 m width walkways with Trees&Shrubs,
Trees&Grass and Grass at 2 pm and 10 pm on 30, August 2017. The chart at the bottom
shows the difference between 10 pm and 2 pm at each measurement point.

4.3.1.2 Difference Among Vegetation Types

The Figure 4-7 demonstrate the comparison of measured data among three different
vegetation types (Grass, Tree & Grass, Tree & Shrubs) along the 7 m wide walkway. The SVF

of each compared measuring point is shown in Figure 4-7-c.

Through the diurnal variation of the T, at 1.1 m height (Figure 4-7-a), it can be figured
out that, at daytime, the T, on the walkway surrounded by Grass is obviously higher than that
surrounded by Tree & Grass and Tree & Shrubs, but this difference of T, is no more obvious
at nighttime. The difference of T, among the vegetation types at daytime is in line with the
difference of their SVF. As shown in Figure 4-7-c, the SVF of walkway surrounded by Grass
is also much higher than the others, while the SVF of Tree & Grass and Tree & Shrubs are
close to each other. These results agree with the regularity found in the overview of measured

data (Figure 4-6), that the T, difference at daytime is mainly caused by the different SVF,
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because of the different intensity of short-wave radiation. Correspondingly, the T, difference

vanished at nighttime because of the disappearance of the short-wave radiation.

The Figure 4-7-b shows the diurnal variation of the wind velocity among different
vegetation types. The wind velocity on the walkway surrounded by the Tree & Shrubs can be
found lower than that surrounded by Grass and Tree & Grass. It reveals that the ventilation on
the walkway can be blocked by the shrubs on the side, and by the canopy on the top. The high
SVF can also increase the ventilation on the walkway. Furthermore, even with the dense
canopy, the walkway surrounded by Tree & Grass still shows the same good ventilation with
the walkway surrounded by the Grass. It demonstrates that the absence of shrubs can improve

the ventilation condition.
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Figure 4-7 (a) Diurnal variation of the T, on the 7m wide walkway surrounded by three
vegetation types (Grass, Tree & Grass, Tree & Shrubs) from 9am in 30, August 2017 to 8am
in 31, August 2017; (b) Diurnal variation of the wind velocities on the three measuring points,

(c) SVF on the three measured points.
4.3.1.3 Difference Among Walkway Widths

The Figure 4-8 demonstrate the comparison of measured data among three different
widths of walkways (3 m, 5 m, and 7 m) with the vegetation type of Tree & Shrubs. The sky
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view factor of each compared measuring point is shown in Figure 4-8-c. When the SVF is
similar with each other, the diurnal variation of each width of walkway Ta is also close to each
other (Figure 4-8-a). It indicates that the influence of the width of walkway on the Ta is not as
strong as the SVF. However, as shown in Figure 4-8-b, the wind velocity on the 7 m wide
walkway is obviously higher than that on the 3 m and 5 m wide walkway, representing that the
width of walkway has obvious influence on the ventilation. When the vegetation is Tree &
Shrubs and the SVF is similar, the wider the walkway is, the higher the wind speed is on the

walkway.
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Figure 4-8 (a) Diurnal variation of the Ta on the 7 m, 5 m, 3 m wide walkway surrounded by
Tree & Shrubs from 9am in 30, August 2017 to 8am in 31, August 2017;(b) Diurnal variation
of the wind velocities on the three measuring points, (¢c) SVF on the three measured points.

4.3.2 Results of the Simulation
4.3.2.1 Evaluation of the Modelling

To evaluate the performance of the simulation, the simulated data was compared with the
corresponding measured data. As shown in Figure 4-9, the diurnal variation of the T, of the

measuring points with the 7 m wide walkways and three different vegetation types were
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compared with that of the simulated scenarios which have the same widths, vegetation and

canopy condition. It can be seen that ENVI-met has an underestimation in terms of T, during

the daytime. In particular, the underestimation is greater at mid-day when solar radiation is

strong and in scenarios that lack canopy cover. This bias has been mentioned in previous studies
(Maggiotto et al., 2014). ENVI-met still relies on an internal database for its solar radiation data

and does not allow the user to manually enter hourly solar radiation data. Therefore, when solar

radiation fluctuates, the difference between simulated and measured values becomes larger.

However, ENVI-met is still able to accurately represent the differences between scenarios and

the diurnal trends.
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Figure 4-9 (a) The diurnal variation of measured T, of the different vegetation types (Grass,
Tree & Grass, Tree & Shrubs) on the 7 m wide walkway; (b) The diurnal variation of
simulated Ta of the scenarios with different vegetation types (Grass, Tree & Grass, Tree &

Shrubs).

As shown in Figure 4-10, the diurnal variation of the T, of the measuring points with

different widths of walkways under the same the vegetation type of Tree & Grass were

compared with that of the simulated scenarios which have the same widths, vegetation and
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canopy condition. In this case, ENVI-met overestimates the daytime air temperature more
significantly for the 5 m wide walkway and the 3 m wide walkway. As can be seen in Figure
4-4, the SVF for the 7 m wide walkway is significantly smaller than that for the 5 m and the 3
m wide walkways, which means the 7 m wide walkway is less affected by solar radiation.
Therefore, this underestimation is still a result of ENVI-met’s reliance on an internal database
for solar radiation value input.
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Figure 4-10 (a) The diurnal variation of measured T, of the different widths of walkways (7m,
5m, 3m) with the vegetation type of Tree & Grass; (b) The diurnal variation of simulated T,
of the scenarios with different widths of walkways (7m, 5m, 3m).
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Figure 4-11 The linear regression between the simulated air temperature and the measured air
temperature.

To specifically verify the simulation model, the mean air temperature of the above-
mentioned points is selected to be compared (Figure 4-11). In this comparison, regression
coefficient R=0.92 (P <0.05, n=24), representing high correlation between simulated and
measured data. Additionally, RMSE=1.26 and bias is -0.22 between the simulation data and
measurement data. Therefore, with the high correlation coefficient and lower bias, the

simulation model ENVI-met in this research can be seen as accurate and reliable.

4.3.2.2 Influence of the SVF and Vegetation Types on the Human Thermal Comfort
To illustrate the human thermal comfort on the simulated walkway, the PET of the
simulating scenarios were calculated using RayMan model with the simulated air temperature

(T,), wind velocity (v), relative humidity (RH) and the mean radiant temperature (T,,,,-¢) -

Figure 4-12 shows the diurnal variation of the PET of the scenarios with the same width
of walkway and the different vegetation types and canopy conditions. At daytime, it can be
found that the canopy condition is the dominant factor of the PET. The PET of the Grass is the
highest because there is completely no canopy in the scenario. The PET of the scenarios without
the canopy on the walkway is obviously higher than the scenarios with canopy on the walkway.
When the canopy condition is the same, the PET of the Tree & Shrubs is lower than the Tree
& Grass, but the difference is not as obvious as the difference caused by the canopy conditions.
At night, the PET conditions are revised compared with daytime. The scenario with the Grass

has the lowest PET, while the scenarios with Tree & Shrubs and with canopy on the walkway
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has the highest PET. The difference of PET among different scenarios is not as strong as the

daytime.

This phenomenon is because the canopy of trees can directly block the short-wave
radiation at daytime, reducing the heat arriving the walkway. At nighttime, the canopies and
shrubs block the dissipation of the long-wave radiation, trapping the heat on the walkway. This
explanation is supported by the diurnal variations of the T,,,,.; of the scenarios (Figure 4-12-b).
During all the simulated data used for the calculation of the PET, the T,,,+ was found the most
correlative and similar with the PET results. The agreement between the T,,,.. and the PET
shown in Figure 4-12 has proved that the human thermal comfort of the simulating scenarios

can be represented by the T,,,,-;.
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Figure 4-12 (a) The physiological equivalent temperature (PET) calculated from the simulated
data, and (b) the simulated mean radiant temperature (Tmrt) of the scenarios with the same
width of walkway (7m), different vegetation types (Grass, Tree&Grass, Tree&Shrubs).

4.3.2.3 Influence of the Width of Walkways on Human Thermal Comfort

Figure 4-13-a shows the diurnal variation of the PET of the scenarios with the same
vegetation type (Tree & Shrubs) and the different widths of walkways (3 m, 5 m, 7 m) and
canopy conditions. At daytime, the canopy condition is also the dominant factor of the PET.
When the canopy condition is the same, with the walkway getting wider, the PET on the
walkway increases. The PET on the 7 m wide walkway is slightly higher than that on the 5 m
and 3 m walkways in sequence at daytime. However, the PET difference caused by the width
of width of walkway is very small compared with that caused by the canopy condition. At night

the PET conditions are reversed, too. The PET on the 7 m wide walkway turns to be the lowest
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and the PET on the 3 m wide walkway becomes the highest. However, the difference among
scenarios at nighttime is even slighter than that at daytime. The results are because the wider
walkway represents the opener space, which can accept more short-wave radiation at daytime
and trap less long-wave radiation at nighttime. This explanation can also be proved by the
diurnal variations of the T,,,.; of the scenarios (Figure 4-13-b).
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Figure 4-13 (a) The physiological equivalent temperature (PET) calculated from the simulated
data, and (b) the simulated mean radiant temperature (Tmrt) of the scenarios with the same
vegetation type (Tree&Shrub), the different widths of walkway (3m, 5m, 7m).
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4.3.2.4 Overview of the Simulated Human Thermal Comfort

As already been proven in the Figure 4-14and Figure 4-15, the simulated mean radiant
temperature (T,.¢) can approximately represent the human thermal comfort conditions.
Therefore, to overview the human thermal comfort conditions in all the simulating scenarios,
the maps of T, at 1.1 meter of every scenario were extracted at daytime (2pm) and nighttime
(10pm).

The Figure 4-14 demonstrates the comparison of T,,,,.,- maps at 2pm. It can be figured out
that, at daytime, the dominant factor of the human thermal comfort on the walkway is the
canopy condition. All the T,,,,+ on the walkways covered by canopies are lower than that on the
walkways without canopy. Meanwhile, the highest T,,,,.- appears in the scenarios with Grass,
which are completely exposed to the short-wave radiation. The second-important factor of
human thermal comfort at daytime is the vegetation type. When the canopy condition is the
same, all the T,,,,+ on the walkways surrounded by Tree & Shrubs are lower than the Tree &
Grass. The third-important factor at daytime is the width of walkway. When the canopy
condition and the vegetation type are the same, the T,,,. on the walkway increase with the

walkway getting wider.

No Canopy on Garden Path Canopy on Garden Path

Tree-Grass | Tree-Bush Tree-Grass Tree-Bush

Mean Radiant Temperature
under 35.29 °C
35.29 to 39.18 °C
39.18 to 43.07 °C
39.18 to 46.96 °C
46.96 to 50.85 °C
50.85 to 54.74 °C
54.74 t0 58.63 °C
58.63 t0 62.52 °C
62.52 to 66.41 °C
over 66.41 °C

JICCeEm

Figure 4-14 The maps of Tmrt at 1.1 m height on 2 pm of each simulating scenario.

The Figure 4-15 shows the comparison of T,,,,; maps at 10pm. It can be figured out that,

at nighttime, the dominant factor of the human thermal comfort on the walkway turns to be the
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vegetation type. All the T,,,+ on the walkways surrounded by Tree & Shrubs are higher than
that surrounded by Tree & Grass. The walkways surrounded by Grass show the lowest T,,,,.; at
nighttime. The second-important factor at nighttime is the canopy condition, when the
vegetation type is the same, all the walkways covered by canopies have higher T,,,.. than the
walkways without canopy. The third-important factor of human thermal comfort at nighttime
is still the width of walkway. When the vegetation type and the canopy condition is the same,

the T, decrease with the walkways getting wider.

No Canopy on Garden Path Canopy on Garden Path

Grass Tree-Grass ‘ Tree-Bush Tree-Grass | Tree-Bush

Y(m)

Y(m)
Y(m)

Mean Radiant Temperature

under 12.87 °C
12.87 10 13.44 °C
13.44 10 14.01 °C
14.01 0 14.58 °C
14.58 t0 15.15 °C
15.15t0 16.72°C
15.72t0 16.29 °C
16.29 to 16.86 °C
16.86 to 17.43 °C
over 17.43 °C

7m
Path

Y(m)
Y(m)
Y(m)

N ] ]

Figure 4-15 The map of Tmrt at 1.1 m height at 10 pm in each simulating scenario.

By comparing the Figure 4-14 and Figure 4-15, it can be found that the human thermal
conditions at nighttime are thoroughly reversed from the conditions at daytime. The coolest
scenario at daytime (3 m walkway covered by canopy and surrounded by Tree & Shrubs) turns
to be the warmest at night. Correspondingly, the warmest scenario at daytime (7 m walkway
surrounded by Grass) becomes the coolest scenario at nighttime. The human thermal comfort
of the other scenarios also turns to their opposites from daytime to nighttime. This is because,
the canopy and shrub, which block the short-wave radiation, can at the same time trap the
dissipation of the long-wave radiation. This trapping effect is not obvious at daytime but
becomes the dominant factor of the thermal condition at nighttime, when there is no more

influence from the short-wave radiation.

99



Chapter 4:How Do Walkways in Historic Gardens Affect the Thermal Comfort of Pedestrians? An Example
from Berlin's Tiergarten

4.4 Conclusions, Application and Outlook

The human thermal comfort on the walkway is found jointly influenced by the Sky View
Factor (SVF) above walkways, the vegetation density along walkways, and the width of
walkways. The results show that the SVF is the dominant factor influencing human thermal
comfort, followed by the vegetation density and then the walkway width. The joint influence

of the three factors differs from the daytime and nighttime.

During the daytime of a hot summer day, the walkway covered by dense canopy,
surrounded by dense vegetation and with narrower width can provide more optimal human
thermal comfort against the heat stress at daytime. At night, the walkway covered by sparser
canopy, surrounded by less vegetation, and with wider width has lower PET values. This is
because the tree canopy and shrub can block the short-wave radiation and trap the dissipation
of the long-wave radiation at the same time. The blocking of the short-wave radiation plays the
dominant role during the daytime and the trapping of long-wave radiation becomes dominant

at nighttime.

A map of human thermal comfort of Tiergarten was generated according to the above
conclusion (Figure 4-16). In this map, all the walkways in Tiergarten were classified by their
width, canopy condition and vegetation type, and arranged different color to demonstrate their
human thermal comfort at daytime of a hot summer day. This map of human thermal comfort
can help the pedestrians in Tiergarten to select a comfortable walkway for their outdoor

activities against heat waves.

Since this study simulates idealized scenarios, the conclusions can be applied to other
park walkways as long as the main characteristics of the walkway match those of the idealized
scenarios. The results are particularly applicable to large parks in open fields that are not shaded
by neighboring buildings. In addition, the results can be used by landscape architects to design
garden walkways. The higher generalizability of the results is an advantage of the idealized

scenario simulation.

The field measurements in this study are performed on a typical summer day in Germany
when the daytime maximum air temperature exceeds 30 °C. In recent years, the summer
temperatures in Germany have frequently exceeded 30 °C. According to Deutscher
Wetterdienst (DWD, German Weather Service), the maximum temperature in 2023 was 38.8 °C,
observed on July 15 in Mohrendorf-Kleinseebach (Bavaria) (DWD, 2023). The highest

temperature that has been recorded in Germany so far is 41.2 °C, which was observed on July
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25, 2019, in Duisburg-Baerl and Tonisvorst (DWD, 2020). The results of this study are
applicable to other hot and sunny summer days in Germany, as well as to regions with a similar

climate type.
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Figure 4-16 The map of human thermal comfort of the walkways in Tiergarten at summer daytime. The
bottom left chart (SenUVK, 2023) presents the mean wind direction distribution at the Berlin-
Tempelhof DWD station for summer season (June, July and August), differentiated by wind speed.
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Chapter 5:Interdependent Influences of Three Landscape Design Factors on Human Thermal Comfort of Urban
Riverside Greenways

Chapter 5: Interdependent Influences of Three
Landscape Design Factors on
Human Thermal Comfort of Urban
Riverside Greenways

Abstract

Urban Riverside Greenway (URG) is a specific linear Urban Open Space (UQOS) that
attracts a substantial body of outdoor activities. To maintain the well-being and health of the
users of the greenways under the warming urban climate and growing heat stress, climate-
adaptive design of the urban riverside greenway is becoming important. The purpose of this
study is to clarify the interdependent influences of three landscape design considerations on the
thermal comfort of urban riverside greenways. The three factors include the urban prevailing
wind direction, tree species, and the greenway trail position, referring to both the site condition
and the spatial morphology of an urban riverside greenway. 75 simulating scenarios are
designed with different combinations of three prevailing wind directions, five types of tree
species, and five positions of greenway trail. These scenarios are simulated using ENVI-met®
model VV4.3.2 science version. The simulated results are evaluated and verified through a field
measurement conducted on the riverside of Suzhou River in Shanghai. To represent the human
thermal comforts, the physiological equivalent temperatures (PET) are calculated through
RayMan model Pro Version 2.3 Beta. The results support that the three factors of landscape
design jointly influence the thermal environment. Following climate-adaptive design strategies
for an URG are derived from the results: (1) The first consideration in a climate-adaptive design
of an URG should be the prevailing wind direction. (2) The relative relationship between the
cooling capability of green area and that of the waterbody is crucial to determining the coolest
greenway trail position in an URG. (3) Any greenway trail position in an URG can be optimal
for human thermal comfort on hot summer days when combined with proper tree species and
prevailing wind direction. The results can be conveniently applied in both the replanting of the

existing urban waterfront greenways and the design of the future ones.
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5.1 Introduction

Concurrent with global climate change, the incidence of heat waves is escalating
worldwide (Cowan et al., 2014; Habeeb et al., 2015; Meehl and Tebaldi, 2004).
Simultaneously, rapid urban expansion is intensifying Urban Heat Island (UHI) effects (Jusuf
et al., 2007; Li et al., 2019; Oke, 1995). These changes induce increasing heat stress on urban
residents, posing a threat to public health (Bustinza et al., 2013; Morabito et al., 2012).
Increasing attention is being paid to the climate-adaptive design of Urban Open Space (UOS)
to ensure outdoor thermal comfort amid the changing urban climate (Doick et al., 2014; Middel
etal., 2015; Tan et al., 2016).

Greenways are a specific type of urban open space characterized by their belt shape and
ecological corridor function (Brown et al., 2014; Larson et al., 2016). In urban areas, greenways
usually accommodate outdoor activities and recreation, such as commuting, jogging, walking
and bicycling (Gobster, 1995; Lindsey and Nguyen, 2004; Shafer et al., 2000). Many
researchers have discovered that, outdoor activities conducted in greenways positively impact
the livability and the public health of a city (Chiesura, 2004; Fabos, 1995; Larson et al., 2016;
Tzoulas et al., 2007) . With the increasing awareness of the significance of greenways, there is
an anticipation of more greenway constructions in the future (Fabos, 2004; Hellmund and
Smith, 2013; Tan et al., 2016). Urban Riverside Greenway (URG) is a special kind of urban
greenway. Different from common greenways, river-scape is brought into the scenery of the
URG. Because of people's aesthetic preference for the river-scape and the diverse visual
experience, the URGs attract more outdoor activities than common greenways (Litton, 1977;
Pfluger et al., 2010; Zhao et al., 2013). However, the majority of current URGs are designed
without considering the thermal comfort of greenway users. According to a 2016 study by
Giannakis, although many greenway users anticipated the thermal environment in riverside
greenways to be more comfortable in summer than in other urban areas, measurements revealed
that URGs were not as cool as expected. Some areas in the URG were even warmer than the
other urban areas. He also projected that, this type of riverside greenway will be less
comfortable in the warming future (Giannakis et al., 2016). Therefore, it’s important to
incorporate climate adaptation into the design of the URGs to ensure the thermal comfort and

health of greenway users in the warming future (Giannakis et al., 2016).

The climate-adaptive design of an urban open space is normally achieved through the
proper arrangement of spatial morphology, which includes the layout (Hong and Lin, 2014),

the shape of vegetated areas (Sodoudi et al., 2018), and the vegetation species (Emmanuel et
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al., 2007; Shashua-Bar et al., 2010). Previous studies have found that, with efficient spatial
morphology of the urban open space, the air temperature can vary significantly (Gobster, 1995;
Shafer et al., 2000). For instance, Hong and Lin (2014) studied the influence of the layout on
the cooling effects and found that the air temperature of the dispersed vegetated areas can be
0.78 K higher than that of the centralized areas. Sodoudi et al. (2018) have shed light on the
influence of the shape of green space and found that belt-shaped green spaces show higher
cooling effects than square-shaped green spaces. The influence of vegetation species is usually
studied in combination with planting density. For example, Shashu-Bar et al. (2010) have found
that the air temperature in the densely planted Ficus grove is up to 2.9 K lower than in a sparsely

planted Palm grove.

Although numerous studies have investigated the influences of various morphological
features on the cooling effects of urban open space, only a few studies have explored the
interdependent influences of multiple environmental factors on cooling effects. The results
from these studies have demonstrated the existence of interdependent influences, i.e., the way
an environmental factor influences the cooling effects depends on the values of other factors.
For instance, Sodoudi et al. (2018) found that the vegetation type is crucial when discussing the
influence of spatial layout of Urban Green Space (UGS) on cooling effects. Their study also
found that the interdependent influence of multiple factors is easier to transfer to specific

guidelines for climate-adaptive UGS design and planning.

The aim of this study is to investigate the interdependent influence of three
environmental factors on human thermal comfort of URG. The three factors include: tree
species, greenway trail position, and prevailing wind direction. We used the distance from
waterbody (D,,) to describe the greenway trail position and used the combination of Leaf Area
Density (LAD) and the Foliage Albedo to quantify the tree species. To realize this complex
investigation, we adopted the factorial experimental design for simulation experiment. To
control the computational cost, we employed the Latin Hypercube Sampling (LHS) design to
limit the number of scenarios from 180 to 75. The microclimate model ENVI-met was used to
simulate these 75 scenarios. And the simulated results were evaluated through a field

measurement conducted in the URG alongside the Suzhou River in Shanghai, China.
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5.2 Methodology

5.2.1 Factorial Experimental Design
5.2.1.1 Structure of the Factorial Experiment

The factorial experiment of simulation in this study encompassed three factors: tree
species, greenway trail position, and prevailing wind direction. Tree species in this study were
quantified and categorized by Leaf Area Density (LAD) (D#) and Foliage Albedo (A#), with
five levels: D0.5A0.2, D0.5A0.4, D1A0.2, D1.5A0.4, D2A0.6. Greenway trail position was
categorized by the parameter D,,, quantifying the distance of trail to waterbody, with five
levels: D, =0, D, = 0.25, D, = 0.5, D,, = 0.75, D,, = 1. Prevailing wind direction has
three levels: 0°(N)—parallel to greenway, 90°(E)—from urban street to waterbody, 270°(W)—
from waterbody to urban street (Figure 5-1). The following two sections will interpret in detail
how the factors: greenway trail position and tree species are quantified and categorized for the
factorial experimental design.
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Tree Species
D2A0.6 D: Leaf Area Density (LAD)
A: Foliage Albedo
D1.5A0.4 —
D1A0.2 —
D0.5A0.4 —
D0.5A0.2 — .
Du=0
I I ] .
90 (East) 270 (West) Wind Direction/
0 | .
0.25 | o EAEAS
0.5 ! . - . : - |
Walkway Position

Distance from Waterbody (Dw)

Figure 5-1 Structure of the factorial experimental design for the microclimate simulation. The
blue arrows represent the wind directions: 0° (North)—parallel to the greenway, 90° (East)—

blowing from the urban area toward the waterbody, 270° (West)—blowing from the
waterbody toward the urban area.

5.2.1.2 Quantification of Tree Species through Leaf Area Density (LAD) and Foliage
Albedo

Two parameters commonly used to describe the canopy characteristic of a tree are the
Leaf Area Density (LAD) (Lalic and Mihailovic, 2004; Meir et al., 2000; Ross et al., 2000) and
the Foliage Albedo (Stadt and Lieffers, 2000). These two parameters are involved in the studies
of various processes of the energy and water balance within the vegetation and the atmosphere
(Bruse, 2004; Bruse and Fleer, 1998). According to previous studies, the database of ENVI-

met model provides values of these two parameters for some tree species commonly used in
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Europe (Bruse, 2017). The data show that the LAD values of the commonly used plants vary
between 0.5 and 2, while the Foliage Albedo values vary between 0.2 and 0.6.

We employed another factorial design to categorize these commonly used tree species
based on the combination of the two factors: LAD and Foliage Albedo. LAD (D#) has four
levels ranging from 0.5 to 2 with a step of 0.5. Foliage Albedo (A#) has three levels ranging
from 0.2 to 0.4 with a step of 0.2 (Table 5-1). The twelve values of D#A# can represent the
canopy conditions of most tree species mentioned in ENVI-met model. However, if all the
twelve values of D#A# are included in the factorial experiment of simulation, the number of
simulated scenarios will be 180. To control the computational load, we used the Latin
Hypercube Sampling (LHS) method to select five values from the twelve D#A# combinations
for the factorial simulation experiment (Figure 5-2). Then, the number of simulated scenarios

were limited to 75.

Table 5-1 Categories of commonly used tree species represented by the combination of Lead
Area Density (LAD) and Foliage Albedo values.

Foliage Albedo

Leaf Area A 0.2 A 04 A 0.6
Density (LAD)

D 05 D0.5A0.2 D0.5A0.4 D0.5A0.6
D 1 D1A0.2 D1A0.4 D1A0.6
D 15 D1.5A0.2 D1.5A0.4 D1.5A0.6
D 2 D2A0.2 D2A0.4 D2A0.6
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Figure 5-2 The Latin Hypercube Sampling (LHS) design was used to select five values from
the twelve categories of tree species for the factorial simulation experiment.

5.2.1.3 Quantification of Greenway Trail Position

Due to the linear form of the Urban Riverside Greenway (URG), the position of the trail
in the urban riverside greenway can be represented as a point on a line segment using the cross-
section. As shown in Figure 5-3, we simplified the cross-section of an URG as a line segment
WU. One endpoint represents the waterbody (W), and the other represents the urban street (U).
On this line segment, the distance from the near-to-waterbody edge of the trail to the endpoint
W can be set as d,,, and the distance from the near-to-urban-street edge of the trail to the
endpoint U canbesetas d,,. Thesumofd,, and d,, represents the total width of the greenway
excluding the trail. The ratio of the d,, in the sum represents the Distance from Waterbody
(D) of the trail. As shown in (1)

dw

D, = ——
Yood,+dy,

1)

, When D, = 0, the trail is adjacent to the waterbody; when D,, = 1, the trail is adjacent
to the urban street; when D,, = 0.5, the trail is located at the center-point of the greenway. In
this study, overall five values of D,, were adopted, including D, = 0,D,, = 0.25,D,, =

0.5,D, = 0.75,D,, = 1, respectively representing the positions: Adjacent to Waterbody,
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Centered with Deviation to Waterbody, Center-point, Centered with Deviation to Urban Street,

and Adjacent to Urban Street.

River | Green Area | Trail | Green Area | Urban Street

|
— — | Distance to Waterbody Distance to Urban Street
< — d w > du X
5 1
w Width of Riverside Greenway U

Figure 5-3 Cross-section profile of an urban riverside greenway, illustrating how the
greenway trail position is quantified by the Distance from Waterbody (D,,).

5.2.2 Microclimate Simulation through ENVI-met® Model

In this study, the microclimate simulation was conducted using ENVI-met® V4.3.2
Science version. ENVI-met is a holistic three-dimensional non-hydrostatic prognostic model
for the high-resolution microscale numerical simulation of surface-plant-air interactions in the
lower part of the atmosphere (Bruse and Fleer, 1998).The basic concept of the atmospheric
model of ENVI-met is derived from a combination of equations, which includes the non-
hydrostatic incompressible Navier-Stokes equations, the combined advection-diffusion
equation and the equations for the local turbulence and their dissipation rate (Yamada and
Mellor, 1975). According to this concept, the ENVI-met is able to simulate the “soft” wind
field modifications (porous shelters) such as vegetation and is therefore known to be a good
measurement tool for understanding the climatic influence of the greenery in urban areas
(Huttner et al., 2008; Ozkeresteci et al., 2003; Wania et al., 2012).

There were in total 75 scenarios for microclimate simulation in this study. Five sections
of urban riverside greenway were set as basic scenarios spaces representing five greenway trail
positions (D, =0, D,, =0.25, D, =0.5, D, =0.75, D,, = 1) (Figure 5-4). The basic
scenario space measured 20mx60m, including 20mx20m waterbody, 20mx20m greenway and

20mx20m urban street paved by asphalt. Each space was configured with five types of tree
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species (D2A0.6, D1.5A0.4, D0.5A0.4, D1A0.2, D0.5A0.2). All the above-mentioned
scenarios were simulated three times with three different prevailing wind directions (0° North,
90° East, 270° West). To minimize the interference of the shades of the tree canopy, we
designated the direction of the urban riverside greenway as North-South and only analyzed the
data at mid-noon (12:00 pm), when no shades were cast on the greenway trails. The initial wind
velocity was set as 1 m/s at a height of 10 meters, classified as light air on the Beaufort scale
(Beaufort, 1805).
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Figure 5-4 The five basic scenario spaces for simulation were built using ENVI-met,
representing the five greenway trail positions (D,, = 0, D,, = 0.25, D,, = 0.5, D,, =
0.75,D,, = 1).

The 24-hour forcing data of all the scenarios was obtained from field measurements
conducted on July 30, 2014, in Shanghai, China. The simulation time ranged from 7:00 to 13:00
with five-hour spin-up time. We selected the data of mid-noon (12:00 pm) for analysis to
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eliminate the influence of the shadings on the trails. The basic configuration of the scenarios is

represented in Table 5-2.

Table 5-2 The general configuration of the simulation conducted using the ENVI-met model.

City: Shanghai
Longitude, Latitude: 31.23°N, 121.47°E
Elevation (m): 4
Start simulation at day: 30.07.2014
Start simulation at time: 7:00 am
Total simulation time in hours: 8
Wind speed at 10m (m/s): 1

Wind direction

(0: N: 90: E; 180:S: 270:W): 0;90; 270
Roughness length (m): 0.01
Initial temperature atmosphere (K): 304.13
Specific humidity in 2500m (g water/kg air): 7.0
Relative humidity in 2m (%) 50

5.2.3 Evaluation of ENVI-met Model through Field Measurements

To evaluate the results of the ENVI-met model, a field measurement was conducted in
Shanghai (E120°52'-122°12', N30°40-31°53"), on the floodplain of the Yangtze River delta of
China, characterized by a humid subtropical climate and four distinct seasons. Shanghai is a
typical megacity with high density (downtown reaches 16828 people per km?). Consequently,
the Urban Heat Island (UHI) effect and heat stress in Shanghai are notably severe. In recent
years, increasing occurrences of extreme heat are evident. The highest recorded air temperature
was 40.9 °C on July 21, 2017. In 2018, the air temperatures of 67 days were observed higher
than 30 °C (Shanghai Meteorological Service, 2018).

We conducted the measuring experiment in a segment of the riverside greenway along

the Suzhou River near Heng Feng Road (Figure 5-5). The Suzhou River is one of the major
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rivers flowing through downtown Shanghai. The total channel length of the Suzhou River
inside Shanghai is 53 km, and the average channel width is around 47 m. The width of the
riverside greenway where the measurement takes place is 13 m. As shown in Figure 5-5, a total
of six weather stations (WatchDog® 2900ET) were divided equally into two groups. One group
(Stations No.1~3) measured the greenway trail position with D,, = 0, and the other group
(Stations No.4~6) measured the greenway trail position with D,, = 0.5. In each group, three
stations were arranged equidistantly traversing the riverside greenway. Additionally, one more

station was placed in a nearby open space to record the forcing data for the simulation.

31°14'32.4" N Shanghai Downtown
(@)

31°12'39.9" N
121°24'47.5" E 121°30'52.8" E

(e e
é @(3 aa: afPe 09

o1 Cr—
N Forcing Data Logger
z P Suzhou River
0510 20 40m

Figure 5-5 Arrangement of measuring points in the measuring experiment. (a) Location of
the experiment field in downtown Shanghai; (b) Measuring points for greenway trail position
D,, = 0; (c) Measuring points for greenway trail position D,, = 0.5.

Three consecutive sunny summer days with calm winds were selected as measuring days.
Meteorological data at each measuring point were recorded automatically at 10-minutes
interval. The measuring period of the experiment extended from 10 am to 6 pm on July 30,
2014. The daily air temperature on the measuring day in Shanghai ranged from 27 °C to 35 °C
(Figure 5-6). The measured data included solar radiation, wind speed/direction, air temperature

and relative humidity (RH) (Table 5-3). The measurement was conducted using seven portable
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weather stations—Spectrum Watchdog 2900ET (Spectrum-Technologies, 2017). The weather

stations were placed at a height of 1.5 meters above the ground (Figure 5-7).
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Figure 5-6 The daily time series of meteorological data (Meteogram) of the weather station
located in Shanghai Honggiao (58367) on July 30, 2014 (Data from Meteostat.net).

Figure 5-7 Weather stations at measuring point No.5; (b): Spectrum Watchdog 2900ET is a
portable weather station with high precision and multifunction; (c): Weather station at the
measuring point No.1.
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Table 5-3 Recorded data and configuration of weather station Watchdog 2900ET.

Air/Surface temperature/°C

Wind direction/®

Measuring Range -32-+100 Measuring Range 0-360
Measuring Precision +0.6 Measuring Precision 4
Resolution 0.1 Resolution 1
Relative humidity /% Wind speed / km/h
Measuring Range 10-100 Measuring Range 0.3-241
(5-50°C)
Measuring Precision +3 Initial wind speed 3
Resolution 0.1 Measuring Precision +5%
Solar Radiation/ W/m2 Resolution 0.1
Measuring Range 0-1500 Atmospheric pressure/ hPa
Measuring Precision +5% Measuring Range 880-1080
Resolution 1 Measure Precision 1.7

We modeled the space of the measuring field using the SPACES module of ENVI-met

model V4.3.2 (Figure 5-8). In the model, six receptors were set corresponding to the measuring

points in the field experiments. The forcing data came from the forcing data logger in the

measuring experiment. These forcing data were also used for the factorial simulation

experiment in this study. To evaluate the simulation, the average diurnal air temperatures of six

measuring points (from 10 am to 6 pm) were compared with the corresponding average diurnal

air temperatures of the six receptors in the simulation. The correlation coefficient Pearson’s R

and RMSE between simulated and measured data were calculated as the evaluation indices.
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Figure 5-8 The space of the measuring fields were reconstructed by SPACES module of ENVI-met
4.3 to evaluate the modeling. (al): Plane graph; (b1): Aerial view graph.

5.2.4 Calculation of PET through RayMan model

In this study, we used Physiological Equivalent Temperature (PET) to assess human

thermal comfort of URGs. PET is a human biometeorological thermal index defined as:

“the air temperature at which, in a typical indoor setting (without wind and solar
radiation), the heat budget of the human body is balanced with the same core and skin

temperature as under the complex outdoor conditions to be assessed.” (HOppe, 1999, p. 71)

The RayMan Pro Version 2.3 Beta was used in this study to calculate PET in this study.
RayMan is a model for calculating human biometeorological thermal indices from the relevant
meteorological variables (Matzarakis et al., 2007, 2010). It was developed based on the
German VDI-Guidelines 3789 (Environmental meteorology-Interactions between atmosphere
and surfaces-Calculation of spectral short-wave and long-wave radiation) and VDI-3787, Part
2 (Environmental meteorology-Methods for human-biometeorological evaluation of the
thermal component of the climate) (Verein Deutscher Ingenieure, 2019, 2022). RayMan model
has been widely used in studies on human thermal comfort in urban areas of various climate
zones (Muller et al., 2014; Shashua-Bar et al., 2012; Thorsson et al., 2011). The meteorological
variables adopted in the calculation of PET included air temperature (Tz), relative humidity

(RH), wind velocity (v), and the mean radiant temperature (Tmr).
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53 Results

5.3.1 Evaluation of the ENVI-met Model
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Figure 5-9 The comparison between the mean value of the simulated air temperature (T,)
from the six receptors and the mean value of the measured T, from the six portable weather
stations.

Figure 5-9 shows the comparison between the mean value of the simulated air
temperature (T,) from the six receptors and the mean value of the measured T, from the six
portable weather stations. The simulated data are slightly over-estimated and smoother
compared to the measured data. However, the diurnal profiles of the measured and simulated
T, are still very close, with a Pearson’s correlation coefficient (R) of 0.98 (P<<0.05) and a Root
Mean Square Error (RMSE) of 0.24. In a previous evaluation of ENVI-met (Middel et al.,
2014), this model was deemed reliable with a RMSE of 3.42. In this study, the high correlation
coefficient and the low RMSE indicate that the EMVI-met model and the simulations can be

considered credible.
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5.3.2 Influence of Tree Species on Air Temperature of Greenway Trails
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Figure 5-10 Air temperature (T,) at a height of 1.5 m on greenway trails with five greenway
trail positions D,,, five types of tree species and wind direction of north (0°).

Figure 5-10 demonstrates the simulated air temperatures (T,) at a height of 1.5 m on the
greenway trails at different positions (D,, = 0, D,, = 0.25, D,, = 0.5, D,, = 0.75, D,, = 1)
with five types of tree species (D2A0.6, D1.5A0.4, D0.5A0.4, D1A0.2, D0.5A0.2) and wind
direction from the north (0°). The T, on the greenway trails in these scenarios range from to
34.76 °C to 35.55 "C. When the type of tree species is D0.5A0.2, the difference between the
highest and the lowest T,, is 0.29 K. When the type of tree species is D2A0.6, the T, difference
is0.27 K.

The data indicate that, when the prevailing wind direction is parallel to the Urban
Riverside Greenway (URG) (0° N), the greenway trail position resulting in the lowest T,, varies
depending on the tree species. For tree species D0.5A0.4, D1A0.2, and D0.5A0.2, the lowest
T, is observed on the greenway trails that are Adjacent to Waterbody (D,, = 0). For tree species
D2A0.6 and D1.5A0.4, the lowest T, is observed on the greenway trails that are Centered with
Deviation to Waterbody (D,, = 0.25). Across all tree species, the greenway trails that are

Adjacent to Urban Street consistently exhibit the highest T,.
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5.3.3 Joint Influences of Three Factors on Air Temperature on Greenway Trails
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Figure 5-11 Air temperature (T,) at a height of 1.5 m on greenway trails with five greenway
trail positions (D,,) , five types of tree species and three wind directions: 0°(N)—parallel to
greenway, 90°(E)—from urban street to waterbody, 270°(W)—from waterbody to urban

street.

Figure 5-11 shows the air temperature (T,) at 1.5m height on greenway trails from all the

simulated scenarios, including five greenway trail position, five tree species, and three

prevailing wind directions. The highest T,,, 37.09°C, occurs on the greenway trail Adjacent to
Urban Street (D,, = 1), with tree species D0.5A0.2, under the wind direction 90°(E)—from
urban street to waterbody. The lowest T,;, 33.18°C, occurs on the greenway trail Adjacent to
Urban Street (D,, = 1), with tree species D2A0.6, under the wind direction 270°(W)—from
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waterbody to urban street. The temperature difference between the highest and the lowest T, of

all the scenarios is 3.91K.

The data indicates that, when the prevailing wind direction is perpendicular to the URG,
the greenway trail position resulting in the lowest T,, varies depending on the moving direction
of the wind. When the wind moves from the urban street to the waterbody (90° E), the T, on
the greenway trails consistently decreases when the D,, values decrease (Figure 5-11 bottom
row). When the wind moves from the waterbody to the urban street (270° W), there are the
following three conditions. For the tree species D0.5A0.2, the T, on the greenway trails
increases when the greenway trails are positioned further from the waterbody (i.e., as D,,, value
increases). For tree species D2A0.6, D1.5A0.4, and D0.5A0.4, the T, on the greenway trails
decrease when the greenway trails are positioned further from the waterbody. For the tree
species D1A0.2, the T,, on the greenway trails remains nearly constant across all greenway trail

positions with a temperature difference of 0.08 K (Figure 5-11_middle row).
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5.3.4 Joint Influences of Three Factors on PET on Greenway Trails
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Figure 5-12 Physiological Equivalent Temperature (PET), air temperature (T,) and Mean

positions (D,,) , five types of tree species and three wind directions.
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The PET values of the 75 scenarios are illustrated in Figure 5-12, along with the
corresponding values of the Air Temperature (T, ) and the Mean Radiant Temperature (T,,,¢)-
Tyt 1S @significant factor in PET calculation, indicating the intensity of the radiant convection.
The data show that the T,,,,.- values remain consistent regardless of wind direction. T,,,.. on the
greenway trails located on Center-point (D,, = 0.5) is higher than located Adjacent to
Waterbody (D,, = 0) and Adjacent to Waterbody (D,, = 1). When the canopy condition of tree
species gets denser (from D0.5A0.2 to D2A0.6), the T,,,,.- decreases, and the range of the T,,,,+
on trails with different positions decreases. When tree species change from DO0.5A0.2 to
D2A0.6, the highest T, varies from 64.5 °C to 59.2 °C, and the difference of T,,,.- among

different greenway trail positions decreases from 1.8 K to 0.1 K.

Figure 5-12 reveals that, the variation trend of PET sometimes follows the variation trend
of the T,,,,+, and at other times, it follows the variation trend of the T,,. This is determined by
the tree species. For tree species D0.5A0.2 and D1AO0.2, the variation of the PET is closer to
that of T,,,., i.e., PET on trails located on Center-point (D,, = 0.5) is the highest. Conversely,
for tree species D2A0.6 and D1.5A0.4), the variation trend of PET follows that of T,. The
turning point occurs for the tree species D0.5A0.4, where the variation trend of PET is neither

same as that of T,,,+ nor Ty,.

5.4 Further Simulation Experiment on Comparing the Cooling Capability
of Waterbody and Trees
From the above-mentioned results, it can be noticed that a turning point exists between
the tree species D1A0.2 and D0.5A0.4. The variation trends of T,, Ty,,+, and PET change when
tree species shift from D1A0.2 to D0.5A0.4. We hypothesized that this phenomenon could
result from changes in the relative relationship between the cooling capability of the waterbody
and green areas. To examine this hypothesis, we designed and conducted the following

simulation experiment.
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5.4.1 Methodology—Experimental Design of Simulation

River
(Deep Water)

Urban area
(Asphalt)

Green arca
(Vegetation)

® @

Figure 5-13 The spatial layout of the scenarios simulated in ENVI-met for comparing the
cooling capability of the waterbody and green areas. a-a, b-b, and c-c refer to cross sections
of the green area scenarios (2), (3) and (4).

Figure 5-13 illustrates the scenarios for simulations made to estimate the relative
relationship of cooling capability of the water body and green areas. The scenarios include five
spatial layouts. Space (1) and Space (5) represent the waterbody resp. the asphalted urban
street. Space (2) to (4) represent different planting patterns. Space (2) represents the
homogeneous planting green areas (100%), while Space (3) and Space (4) represent medium-
planting (50%) and sparse-planting (25%) green areas. The dimensions of the spaces were
20mx20m. The tree canopies were designated with a size of 5Smx5mx5m and a clear bole
height of 3 m. On homogeneous Space (2), all twelve tree species ranging from D0.5A0.2 to
D2A0.6, as mentioned in section 5.2.1.2 (Table 5-4), were simulated. For Space (3) and Space
(4), only the tree species D0.5A0.2, D2A0.6, and D1.5A0.4 were simulated, corresponding to

the minimum, the maximum and the median of all twelve types of tree species.
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5.4.2 Results—Comparison of the Cooling Capabilities of the Waterbody and Green

Areas
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Figure 5-14 The temperature difference (D-value) of the air temperature on the waterbody
(T,_water) and that in the green area (T,_canopy) at a height of 1.5 m.

The Figure 5-14 illustrates temperature difference (D-value) of the air temperature above
the waterbody (T, _water) and that in the green area (T,,_canopy) with different tree species and
planting patterns. The positive values on the right represent that the T, canopy is lower than
the T, water, indicating that the cooling capability of green areas is higher than that of
waterbody. The negative values on the left represent the T, canopy is higher than the
T,_canopy, indicating that the cooling capability of green areas is lower than that of waterbody.
The bars colored with the deepest grey represent the homogeneous planting pattern (100%),
and those with the light grays represent the medium-planting (50%) and sparse-planting (25%)
patterns. The turning point appears at canopy D1A0.2, which shows the same cooling capability
as the waterbody. Besides, the cooling capability of tree species D0.5A0.4 is very close to the
waterbody with a difference of 0.07 K.

For the homogeneous planting pattern, the D-values between the T, water and

T,_canopy range from -0.24 K to 0.78 K with a range of 1.02 K. Most green areas show higher
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cooling capability than the waterbody. Only the T, of tree species D0.5A0.2 (LAD=0.5, Foliage
Albedo=0.2) is warmer than the T, above waterbody. In the Medium-planting pattern (50%),
the D-values range from -0.56 K to 0.18 K with a range of 0.74 K. The T, under the median
canopy D1.5A0.4 is 0.06K lower than that above waterbody, indicating that more than half of
the canopies under Medium-planting pattern show lower cooling capability than the waterbody.
For the Sparse-planting pattern (25%), the D-values range from -0.94 K to -0.37 K with a range
of 0.57 K. The T, under the densest canopy D2A0.6 with the Sparse-planting pattern is lower
than the T, above waterbody, indicating that all the green areas with the Sparse-planting pattern

have lower cooling capability than the waterbody.

The data show that the turning point of results between the tree species D1A0.2 and
D0.5A0.4 is exactly where the cooling capability of the waterbody and green areas is equal.
This result supports the hypothesis that the change of variation trends of T, T,,¢., and PET
among different tree species is due to the relative relationship between the cooling capability
of the waterbody and green areas. When this relative relationship changes, the variation trends

of T, Tnrt-, and PET also change accordingly.

5.4.3 Verification of Results through Field Measurement

The results of this study revealed the interdependent influences of the greenway trail
position, tree species and the urban prevailing wind direction on the air temperature and thermal
comfort of urban riverside greenways. If the above-mentioned results are correct, it is possible
to estimate the optimal solution of any one of the three factors according to the other two known
factors. Therefore, we used the field measurement data to verify the results. Firstly, we analyzed
the prevailing wind direction and tree species in the measuring field. Based on these conditions
and the abovementioned results, we estimated the optimal greenway trail position with the
lowest air temperature. Subsequently, we used the measuring data to examine whether this

estimation is accurate.

According to the meteorological records, the prevailing wind direction of the measuring
field at the measuring day is 115°, namely approximatively parallel to the riverside greenway.
The vegetation in the measuring site is the mid-densely planted (50%) ash trees (Fraxinus
Chinensis). The canopy property of an ash tree is approximately D1A0.2. According to the
above results, the cooling capability of the vegetated area is lower than that of the waterbody.
Therefore, it can be estimated that the greenway trail position Adjacent to Waterbody (D,, = 0)

is the coolest position of the greenway trail under the given conditions.
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The Figure 5-15 illustrates the spatial and temporal distribution of the T, at each
measuring point in the field measurement. The mean T, on Point 5(D,, = 0.5) is 34.3 °C, which
is 0.7 K higher than the mean T, on Point 1 (D,, = 0). The maximum T, on Point5 (D,, = 0.5)
i 36.6 °C, 1.4 K higher than that on Point 1 (D,, = 0). These D-values show that the greenway

trail adjacent to waterbody is cooler than that in the centered-point, supporting the estimation
derived from the results of this study.
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Figure 5-15 Spatial and temporal distribution of the air temperature in measuring experiment.
(a): the diurnal change of air temperature, (b): the box plot of diurnal air temperature; (1)
DWZO; (2) DW:0.5.
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55 Conclusions, Discussion and Application

5.5.1 Overall Conclusions

This study investigated the greenway trail position, tree species and the urban prevailing
wind direction on the human thermal comfort of Urban Riverside Greenways (URG) during
summer daytime. The results support the hypothesis that these three factors interdependently
influence the thermal environment in URG. Climate-adaptive design strategies for an URG

based on these three design factors can be drawn based on these interdependent influences.

The first consideration in a climate-adaptive design of an URG should be the prevailing
wind direction. When the prevailing wind moves from the urban street to waterbody, the closer
the greenway trail locates to the waterbody, the lower the air temperature on the greenway trail.
When the prevailing wind moves from waterbody to the urban street, the coolest greenway trail
position depends on the cooling capability of the green area. The relative relationship between
the cooling capability of green area and that of the waterbody is crucial to determining the
coolest greenway trail position in an URG. When the cooling capability of the waterbody is
stronger than that of the green area, the greenway trail located adjacent to waterbody (D,, = 0)
has a lower air temperature than the trail located inside the green area (D,, = 0.25; 0.5; 0.75).
Conversely, when the cooling capability of the vegetated area is stronger than that of the
waterbody, the trail inside the green area has lower air temperature than the trail adjacent to

waterbody.

The tree species and planting pattern determine the cooling capability of the green area
in an URG. Most of the medium planted (50%) green area and all the sparse planted (25%)
green area have lower cooling capabilities than the waterbody. For the homogeneous planting
pattern (100%), the cooling capability of the green area with tree species D1A0.2 and D0.5A0.4
is the closest to the cooling capability of waterbody. According to Table 5-4, the tree species
with similar Leaf Area Density (LAD) and Foliage Albedo values include the European ash,

Bitter orange, Black poplar, Privet, etc.

In summary, any greenway trail position in an URG can be optimal for human thermal
comfort on hot summer days when combined with proper tree species and prevailing wind

direction.

The position of greenway trail D,, = 0 (Adjacent to Waterbody) can be optimal when the
prevailing wind blows from urban street to waterbody OR when the cooling capability of the
green area is lower than that of the water body.
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Positions of greenway trail D,, = 0.25,D,, = 0.5,D,, = 0.75(Inside Green Area) are
optimal when the prevailing wind blows from waterbody to urban street AND the cooling
capability of the green area is stronger than that of the water body. Among these three positions,

D,, = 0.5 is warmer than the other two positions.

The position of greenway trail D, = 1 (Adjacent to Urban Area) can be optimal when
the prevailing wind blows from waterbody to urban area AND the cooling capability of the

green area is stronger than that of the water body.

5.5.2 Discussion

The results support that the relative relation between the cooling capabilities of the
waterbody and the green area is critical to the optimal greenway trail position in an Urban
Riverside Greenway (URG). This relative relation is determined by canopy characteristics of
the vegetated area due to the mechanisms of cooling effects of the waterbody and the
vegetation. The cooling effects of the waterbody come from the high heat capacity, the high
evaporation and the low roughness of the waterbody (Du et al., 2016; Xu et al., 2010), while
the cooling effects of the vegetated area mainly come from the resistance to the incoming short-
wave radiation via canopies, the high heat storage of the soil, and the evapotranspiration of the
leaves and soil (Bowler et al., 2010; Declet-Barreto et al., 2013). Because the evaporation
capacity of the water is much higher than that of the leaves and soil, the Bowen Ratio of the
water body is lower than that of the vegetated area (Malek and Bingham, 1993). Therefore, the
air temperature above the waterbody is expected to be lower than the above the unshaded
vegetated area, i.e., the waterbody shows stronger cooling capability than the vegetated area.
However, when the vegetated area is shaded by tree canopies, the advantage of the waterbody
in cooling capability is counteracted by the short-wave radiation blocking capacity of the tree
canopies. As the density of the tree canopy increases, the air temperature of the vegetated area
can be lower than that above the waterbody, and the vegetated area can show stronger cooling
capability than the waterbody. This is how the canopy characteristic determines the magnitude

relation between the cooling capacities of the waterbody and the vegetated area.

The shrubs were not discussed in this study due to the following reasons. Firstly, the
shrubs can interfere the heat convection on the pedestrian level. This interference is
disadvantageous for our study, which considers the turbulence. Secondly, the influence of the
shrubs on the cooling capability of vegetated area is not as significant as the influence of trees,

because of the lack of canopy. Furthermore, the shrubs can cause interferences in other
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processes, such as decreasing the Bowen ratio, reducing the wind velocity, reflecting more
long-wave radiation, and etc., which will sophisticate this study. Therefore, the effect of the
shrubs should be investigated in another independent study, considering many objects including
their density, height, planting pattern, etc.

Suzhou River covered in this study is an inner-city river with a width of 40-50 meters.
The width of the riverfront green space is 15-20 meters. In green spaces of this scale, there is
usually only one trail. The findings of this study are also applicable to other riverside green
spaces of similar scales. Notably, there are usually high-rise buildings next to inner-city rivers.

The impact of shadows from these buildings needs to be analyzed on a case-by-case basis.

For regional rivers with a width of more than 300 meters, such as the Huangpu River, the
width of the waterfront greenway is usually more than 50 meters. In a waterfront greenbelt of
this scale, usually more than one trail would be constructed, and even wider impervious space
such as plazas are constructed. For a riverside greenway at this scale, the ideas for the
experimental design in this study are still applicable. However, the cooling capability of the
water body and the equivalent vegetation density may change. In addition, for a riverside green
space at this scale, the design considerations also change. The design consideration will no
longer be where to place the single trail, but rather the proportion of impervious surfaces. This

factor could be implemented in future studies.

5.5.3 Application of Results in Climate-adaptative Design of Urban Riverside
Greenways

It has been noticed that many barriers exist in applying climate adaptive strategies in
actual design and planning of urban open spaces (Akbari and Taha, 1992; Chang et al., 2007;
Givoni, 1997). Eliasson (2000) figured out that the reason for this problem is a communication
problem between designers and climatologists. As an interdisciplinary team based on both
meteorology and landscape architecture, we conducted this study according to the theories of
meteorology and the design considerations and processes of landscape architecture
simultaneously, trying to bridge the gap between urban climatic research and practical urban
construction. The strategies developed from this study can be applied in both the replanting of

the existing urban waterfront greenways and the design of the future ones.

For an existing urban riverside greenway, the research results can be used to evaluate
whether the current spatial morphology is optimal in human thermal comfort. If not, it is
possible to improve the condition through climate-adaptive replanting. For example, in the

measuring field of this study, the greenway trail located in the middle of the green area (D,, =
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0.5) is warmer than the other trail. According to the research results, the human thermal comfort
of that trail can be improved when the cooling capability of the vegetated area is strong enough.
Therefore, to adapt to heat stress, this section of trails can be improved through replanting trees
denser than D1A0.2 and D0.5A0.4. The replanting tree species can be selected from Table 5-4,
in which we classified the tree species recorded in ENVI-met model into ten groups, with the
deviation of LAD lower than 0.2 and that of Foliage Albedo lower than 0.1.

For an urban riverside greenway under design, when one or two of the three design
considerations are given, the designer can make a proper decision about the unknown design
consideration(s) based on these research results. In most cases, the prevailing wind direction of
a project will be given. Under this limitation, with the help of the strategies derived from this
study, it is convenient for a designer to select the tree species and the position of trails for a
climate-adaptive design of an URG. We expect to evaluate the effectiveness of these strategies

in a constructed urban riverside greenway in the future.

Table 5-4 Values and classes of the LAD and Foliage Albedo of tree species recorded in
ENVI-met model (Bruse, 2017).

Class Botanical Name Common Name LAD Foliage Albedo
D2A0.2 Acer Campestre Field maple 2 0.18
Acer Platanoides Norway maple 2 0.18
Robinia Pseudoacacia Black locust 2 0.18
Quercus Robur English oak 1.8 0.18
D1.5A0.6 Pinus Pinea Stone pine 15 0.6
D1.5A0.2 Carpinus Betulus European hornbeam 1.7 0.18
Fagus Sylvatica European beech 15 0.18
Acer Pseudoplatanus Sycamore maple 13 0.18
Tilia Platyphyllos Largeleaf linden 13 0.18
D1A0.4 Tilia Linden 1.2 0.4
D1A0.2 Platanus Acerifolia London plane 1.1 0.18
D1A0.6 Fraxinus Ash 1 0.6
Senegalia Greggii Catclaw acacia 1 0.6
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D1A0.2 Fraxinus Excelsior European ash 1 0.18
Tilia Cordata Little leaf linden 1 0.18
Ulmus Minor Field elm 1 0.18
Betula Pendula Silver birch 0.9 0.18
D0.5A0.6 Koelreuteria paniculata Golden rain tree 0.7 0.7
Albizia Julibrissin Silk tree 0.7 0.6
Cercis Siliquastrum Judas tree 0.6 0.6
Acer Negundo Manitoba maple 0.6 0.5
Tamarix Gallica French tamarisk 0.5 0.6
Washingtonia filifera California palm 0.5 0.6
Olea Europaea Olive 0.5 0.5
Jacaranda mimosifolia Blue jacaranda 0.4 0.6
Sophora Japonica Pagoda tree 0.4 0.6
Populus Alba Silver poplar 0.4 0.7
D0.5A0.4 Citrus Aurantium Bitter orange 0.7 04
Populus Nigra Black poplar 0.7 0.4
Ligustrum Privet 0.7 0.4
D0.5A0.2  Abies Alba Silver fir 0.7 0.18
Pinus Pine 0.7 0.18
Ulmus Hollandica Dutch elm 0.7 0.18
Larix Decidua European larch 0.5 0.18
Picea Abies European spruce 0.5 0.18
Gleditsia Triacanthos Thorny locust 0.5 0.18
Cupressus Sempervirens Cypress 04 0.3
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Chapter 6: Conclusions and Discussion

6.1 Overall Conclusion

In current studies investigating the cooling effects of Urban Green Space (UGS), there is
a common problem of high research costs but low generalizability of the results. It’s
hypothesized that the underlying reason for the low generalizability is that most studies have
not been able to comprehensively examine the non-linear relationships in the complex system
of UGS and urban microclimate. Therefore, a holistic multi-parameter approach has been
proposed in this research, in contrast to the conventional reductionist single-parameter
approach. The purpose of proposing this method is to provide a more comprehensive and
accurate description of the complex relationship between environmental features and

microclimate in UGS, which can ultimately promote the generalization of the research results.

Three studies that applied the multi-parameter approaches in investigating the
interdependent influence of multiple environmental features of UGS on human thermal comfort

were presented in this thesis. These studies have come to some common conclusions:

1) The influences of multiple environmental features of UGS on urban microclimate
and human thermal comfort are interdependent.

2) The multi-parameter approach is superior to the single-parameter approach in
revealing these interdependent influences.

3) When the interdependent relationships are comprehensively revealed, it is possible
to reach specific and generalizable suggestions for climate-adaptative design and
planning of UGS.

These studies also demonstrated the advantages of the multi-parameter approaches in

terms of the following aspects:

1) Being capable of explaining issues for which previous linear single-parameter studies
have not reached consistent conclusions.

2) Being capable of providing specific urban climatological recommendations for both
under planning and already built-up UGS.

3) Being capable of investigating complex objects, including the combined cooling
effects from vegetation and water body, and the influence from the prevailing wind
direction.
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In summary, the conclusions of the case studies show that the multi-parameter approach,
compared to the previous single-parameter approach, is able to provide a more comprehensive
description of the complex relationship between the urban environment and the urban climate,
and to derive specific suggestions for practical climate-adaptive design and planning. These
two advantages determine that the multi-parameter approach helps to promote the

generalization of research results from microscale urban climatological studies.

6.2 Strengths of the Multi-parameter Approach Represented in Three
Studies

6.2.1 Expanding the Scope of Explainable Phenomena

The study described in Chapter 3 demonstrated the importance of discussing the
interdependent influence of multiple environmental features on urban climate with the help of
multivariate experiments. This study showed that, for problems that cannot reach precise
results, increasing the range of considered influencing elements will allow for a more

comprehensive understanding of the problem and thus leading to more reliable conclusions.

This study answered a question that has been actively discussed but not yet reached
consensus in previous urban climatological studies: whether the centralized or scattered urban
green space has more effective cooling effects? The results of previous studies diverged on this
issue. Some studies have found that the more fragmented the green areas is, the better its cooling
effect can be (McGarigal and Cushman 2002; Xu and Yue 2008), while the results of other
studies showed that the more compact the green space is, the better the cooling effect can be
(Cao et al. 2010; Li et al. 2013).This study stated that this disagreement occurred as a result of
neglecting the influence of vegetation types (tree-big canopy, tree-small canopy, hedges-
shrubs, grass 50 cm, grass 10 cm).

According to the results of this study, the vegetation type is a non-negligible
consideration when discussing the influence of spatial layout on the cooling effects of urban
green spaces. When the cooling potential and shade area of a single green patch is large enough,
the mean cooling effect grows as the dispersion of green space increases. When the cooling
potential and shade area of a single green patch is not large enough, the mean cooling effect

decreases as the dispersion of green space increase.

When we look at the previous studies in the light of the results of this study, it becomes
clear why different research conclusions have been reached on the same question. In the studies
of McGarial and Xu (McGarigal and Cushman 2002; Xu and Yue 2008), the conclusion that
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the more dispersed green space can generate better cooling effect is likely concluded due to the
high density of vegetation in the green space they studied. On the contrary, in studies of Cao
and Li (Cao et al. 2010; Li et al. 2013), the reason why they concluded that the cooling effect
of concentrated green space is better is possibly because the vegetation density of the green
space they studied is low, or they studied the central temperature of the green space rather than

the average cooling effect of the whole green space on the city.

The results of this study demonstrated the importance of discussing the effects of multiple
elements on urban climate together with the help of multivariate experiments. For problems
that cannot reach precise results, increasing the range of considered influencing elements will
allow for a more comprehensive understanding of the problem and thus leading to more reliable

conclusions.

6.2.2 Expanding the Scope of Application of Urban Climatological Research

The study described in Chapter 4 investigated the relationship between spatial characters
and PET in historic gardens. By means of the multi-parameter approaches, this study applied
the findings of urban climatological research to an already-established urban green areas in an
innovative way. The results of this study demonstrated the following advantages of the multi-

parameter approach:

By mapping the human thermal comfort degree in the historical garden, urban
climatological recommendations can also be applied to already established urban open spaces.
Previous urban climatological studies have usually provided recommendations only to urban
designers, planners, and decision-makers (Eliasson, 2000). This has led to a situation where
those urban spaces that can no longer be modified are ignored by urban climatological studies.
This study attempted to shift the audience of the recommendations to the users of the space by
composite indicator PET. By assessing and mapping the human thermal comfort situation of
the historical garden, climate adaptative recommendations can be directly accessible to urban

dwellers.

By means of multivariate experiments, this study demonstrated how the multi-parameter
approach can be used to generalize the results to a larger space by observing and simulating
only a few sample sites. The following process was adopted: Firstly, the green spaces were
grouped into several categories; then the sample sites of each category were selected for field
measurement; meanwhile, each category was simulated through climate model; and finally, the

results were generalized to all the spaces under the same category. In a park like Tiergarten,
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which covers a very large area, it would take an enormous amount of time and effort to measure
or simulate the entire park. With the above-described research process, the time and cost of the
study can be greatly reduced while ensuring the accuracy of the results. The entire space can
be understood by only a small number of real measurements and simulations. Thus, this study
is a concrete example of how multi-parameter approaches can facilitate the universalization of

urban climatology research results and shows how this can be achieved.

6.2.3 Capability of Investigating Multiple Land Surface Materials

The study described in Chapter 5 investigated the interdependent influences of three
landscape design considerations on the thermal comfort of urban riverside greenways. The three
factors include the urban prevailing wind direction, tree species, and the greenway trail position.
The results support that the three factors of landscape design jointly influence the thermal
environment. This study investigated the cooling effects of two urban cooling sources that have
different physical properties: vegetation and waterbody. The advantage of the multi-parameter
approach in this study is mainly manifested in enhancing the scope and complexity of the
research object.

This study also demonstrated the necessity of the multi-parameter approach from the

following points of view:

The necessity of composite indicator PET: In this study, the results assessed by PET and
the results assessed by air temperature can lead to different conclusions. The results obtained
from the PET evaluation revealed regularities that cannot be revealed with only air temperature.
From this, it can be concluded that the composite indicator, especially the PET, is of great

significance for urban climatological research.

The necessity of factorial experiments: Different features of the urban land surface are
jointly influencing the urban atmosphere. The effect of one feature variable on the urban
atmosphere varies upon the change of another feature variable. Therefore, this complex
relationship between urban surface and urban atmosphere cannot be sufficiently explained by

the single variate experiments.
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6.3 Comparison with Similar Studies

6.3.1 Continuation of Other Holistic Studies

Using multi-parameter approaches to address the application of urban climatology is
not unique to this study. In previous urban climatology studies, many researchers have
made efforts to enhance the application potential of urban climatology research results.

Many of these previous efforts have actually embodied the similar holistic thinking.

For instance, Local Climate Zones (LCZs), proposed by Stewart and Oke (2012), is
essentially a holistic way of describing urban space with multidimensional features.
Another example is the RayMan Model developed by Matzarakis et al. (2007) for
calculating thermal comfort indices and SVF, which also shows the concept of using
composite indices to describe the urban surface and urban atmosphere. Last but not least,
the ENVI-met model developed by Bruse and Fleer (1998) enables three-dimensional
simulation of urban climate at the microscale, which greatly expands the possibilities of
holistic urban climatological research.

This thesis is based on previous research and summarizes these approaches into a
holistic research approach. None of the case studies in this paper would have been possible
without these efforts by previous authors. These previous studies reveal a trend that the
complex scientific attributes of urban climatology are becoming increasingly evident. In
the future, the research approach of urban climatology will evolve toward a holistic,

nonlinear, bottom-up emergent complex scientific approach.

In the early studies of urban climatology, the most used spatial descriptor was the
aspect ratio (H/W) of urban street canyons. However, the aspect ratio is only able to express
the information of a two-dimensional section of urban land surface and considered only the
built environment. After that, the Sky View Factor (SVF) gradually became a more
widespread indicator, which can convey information about the three-dimensional space.
Although the SVF can represent the characteristics of an urban space more
comprehensively than aspect ratio, it still cannot reflect the physical properties of
the objects on the ground. For example, for the same SVF, whether trees or buildings are
shading the sky has a completely different effect on the thermal condition at the
measurement point. Furthermore, whether the land surface is covered by sand or vegetation
can also have a significant impact on the results. The LCZ system addresses the need to
simultaneously describe the spatial characteristics of the land surface and the material
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properties of the land surface objects. The application of the factorial experimental
approach by the LCZ system also further illustrates the suitability of this method in current

and future complex studies of urban climatology (Figure 6-1).

Two-dimensional Section Three-dimensional Space Three-dimensional Space + Material
/ /
/ /
S v
/ /
Taumob 7
...A -’-. b “ (;_D
Building Height
@
=)
2 =
H o 3
= @
(=]
W /M £ 487 Compactness
Hemisphere Building Projected /4
Projected Area (As)  Area (Ab) %
SVF=(As-Ab)/As * .~ Land Cover
Aspect Ratio (H/W) Sky View Factor (SVF) Local Climate Zones (LCZ)

Figure 6-1 Different methods of urban space description can reflect information of

different dimensions of space.

*Note: The figure of Sky View Facor (SVF) is adapted from “Proposal of System for
Calculating Sky View Factor Using Google Street View”,by Nishio and Ito, 2021, p. 314.

The comparison with studies similar to the three case studies in this thesis have been

mentioned in Chapter 3 to 5.

6.3.2 Enhancements Over Previous Multi-parameter Studies at Microscale

In the field of microscale cooling effects of urban green space, there are already a
few studies that simultaneously investigate the influence of multiple environmental
parameters. For example, in 2014, Hai Yan et al. investigated the influence of multiple
environmental characteristics on air temperature, including percentage of building area,
percentage of vegetation cover, sky view factor, distance to park, and distance to water
body (Yan et al., 2014). They set up 26 field measurement sites in urban spaces with

different spatial characteristics near the Beijing Olympic Park. Their study found that
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different spatial features have different degrees of influence on temperature. Moreover,
changes in one spatial feature can affect the numerical relationship between another spatial
feature and air temperature. Therefore, they concluded, “when testing the effects of the
SVF on air temperature, it is important to control for the potential effects from other
landscape variables, particularly the land cover features.” However, because this study used
only field measurements, they cannot specifically interpret this interdependence among
different spatial features. In addition, they concluded with the recommendation that
landscape design needs to find a balance among multiple spatial features. But they cannot

provide specific recommendations on how to balance these spatial features.

The method used in Morakinyo and Lam's 2016 study is similar to that of the studies
in this thesis (Morakinyo and Lam, 2016). They used the ENVI-met model to simulate
multiple idealized scenarios to investigate the influence of multiple environmental features
on human thermal comfort, including the aspect ratio of street canyon, the prevailing wind
condition, and morphological features of trees in the street canyon. In the conclusion, this
study also suggests that “tree-selection should not only be based on singular
characterization parameter; in conjunction with the LAI values, the leaf density distribution
per height and the planting pattern or arrangement should all be adequately combined to
achieved desired thermal comfort improvement.” However, similar to the previous study,
this study does not specify how this integration should be achieved. Although the
interdependent influence of multiple environmental parameters on human thermal comfort
can be found in the results of this study, the authors did not describe this interdependence

in detail, but rather analysed the influence of each parameter in parallel.

In contrast to previous studies of this type, the studies included in this thesis are more
focused on the interdependent influence of multiple environmental parameters on human
thermal comfort. By wusing a systematic factorial experimental approach, this
interdependence can be clearly demonstrated. Due to this clarity, the results can also be
translated into concrete design recommendations that inform designers in detail how to

“balance” the multiple environmental features for a preferred climatic environment.

In addition, compared to previous studies, this research emphasizes the
methodological systematicity. That is, it focuses on the completeness of the methodology
from the philosophical-theoretical level, the methodological level, and the application level.
In short, this study attempts to contribute to the generalizability of the research results from

the point of view of two aspects. One aspect is to reveal the interdependent influence of
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multiple environmental parameters on human thermal comfort in a more comprehensive
and detailed manner. On the other hand, it promotes the methodological advancement of
microscale research in urban climatology, which is itself an attempt at the methodological
construction of urban climatology advocated by Oke (2006b).

6.3.3 Limitations of the Multi-parameter Approach

The factorial experimental approach used in this study simulates a large number of
separate idealized scenarios. This means that the numerical simulation requires substantial
manual work. The number of simulated scenarios grows exponentially whenever the

investigated parameter or the level of a parameter increases.

For example, in the study described in Chapter 5, the number of scenarios in the full
factorial design reaches 180. To control research cost, Latin Hypercube Sampling (LHS)
was employed to select a subset of the scenarios for simulation experiment, limiting the
simulated scenarios to 75. However, the sampling inevitably results in information loss and
an increase in inaccuracy. Therefore, the multi-parameter approach requires the researcher
to carefully consider the necessity of each parameter as well as a reasonable number of

parameter levels when designing factorial experiments.

For urban climatological study, it is important to balance the expected accuracy and
the computing cost. The multi-parameter approach is no exception. To minimize wasting
computational costs, the researcher should firstly select a representative small number of
scenarios to simulate and analyze the results. If after a first analysis the results are logical,
the remaining scenarios can be then simulated to improve accuracy. The multi-parameter
approach can enhance the benefit of research results with a moderate research cost. The
results can be translated into specific and feasible design recommendations, which

represent an increase in the applicability and generalizability of the research results.

6.4 QOutreach

The effectiveness of multi-parameter approaches in urban climatology research is not
just an isolated case. It is a concrete manifestation of the current paradigm shift triggered
by the technological revolution. The alternation of the paradigm is always accompanied by
the development of science. This profound fundamental change in paradigm is what we
call a paradigm shift.
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Every scientific development in history, as described by Thomas Kuhn, is a multi-
stages process generally consisting of pre-science, normal science and the scientific
revolution (Kuhn, 1962; Systems Innovation, 2020a). The pre-science is a domain that the
paradigm is not yet formed, and the fundamental philosophical questions are still under
debate. The normal science domain represents a period without significant change. Science
in this stage is highly conservative and the scientists accept the present paradigm
unquestioningly. As Lord Kelvin (1900) stated about the normal scientific stage in his
speech: “There is nothing new to be discovered in physics now. All that remains is more

and more precise measurement.” (Walfram-Research, 1996)

The scientific revolution occurs when anomalies that cannot be explained with the
former paradigm appear. Confidence about the old paradigm is broken down and scientists
struggle for a new paradigm. This stage seems like chaos but through which huge scientific
progress can appear. These stages form a so-called Kuhn Cycle (Figure 6-2) and perform

as a circular pattern that vividly interprets the progress of science.
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Figure 6-2 The Kuhn Cycle (Roth and Rosenzweig, 2020).

The paradigm shift brings the possibility to break the limitation of the former
paradigm and find a new way out to an upper truth (Figure 6-3). Naturally, the
accomplishment of a paradigm shift is a long-term work based on a huge amount of work

and agreement of a lot of scholars. But it is always important to keep an eye on the
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anomalies that appeared in research which have the potential to become a breach to another
level of cognition of the world. And the alertness to the paradigm shift should be always

ready.
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Figure 6-3 The S-curve of performance and functionality improvement in science
development (Filmore, 2008).

The concept of paradigm shift is a reminder to scientists that we need to use our
thinking, not be used by it. For very often, our thinking itself is the cause of many of the
struggles we face. In summary, the problem discussed in this study is therefore a microcosm
of the problem of the times. The conclusions generated by this study are also of value not
only to urban climatology, but to many interdisciplinary fields, and to the process of the
current scientific revolution. In the future, research in urban climatology could be
integrated more with complex sciences to shorten the distance between scientific research

and practical applications.
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Additional Information

Information of coauthors’ contribution in Chapter 3:

The candidate drafted the article (except for the PET part); improved it and responded to
the peer reviewers’ comments; reviewed studies on the relationship between the PCI effects
and the morphology of green spaces and found the disagreement among these studies on
whether centralized or dispersed green spaces have more intense cooling effects. Using this as
an entry point, the candidate analyzed the results of simulation experiments through selected
landscape metrics, including Patch Density (PD), Edge Density (ED) and Land Shape Index
(LSI). The final results demonstrated, as expected, the advantages of this study in explaining
the disagreement in previous studies. The candidate also designed and participated in the
outdoor field measurement to evaluate the simulation results. The first author, who is also the
candidate's supervisor, proposed the research idea; designed the simulation experiment; and
supervised the writing of the article. The co-authors calculated and analyzed the PET values;
drafted the part of PET; built and ran the model using ENVI-met; and calculated the sensible
and latent heat fluxes.

Information of coauthors’ contribution in Chapter 4:

Among the co-authors, Huiwen Zhang's contribution was to design the study and
experiment, run the ENVI-met model and to write the English article text. Xiaoli Chi's
contribution was to calculate the PET and generate the PET related figures. Felix Muller 's
contribution was to translate the English text into German. Ines Langer's contribution was to
arrange the measuring campaign. Sahar Sodoudi is the corresponding author and guides the

research.
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