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Executive summary

This report contains the results of advanced numerical modelling and on-site
measurements on the impacts of climate change adaptation in urban climate conducted
by RAMSES researchers on the case study cities of Antwerp, Paris and Delhi at the
mesoscale and Antwerp and Bilbao at the microscale. VITO researchers worked on the
cities of Antwerp, Paris and Delhi, while the analyses on the city of Bilbao were
conducted by NTNU/TECNALIA. It should be noted that the latter, i.e. the Antwerp/Bilbao
microscale case studies, were conducted in close cooperation with the respective
municipal administrations.

In the first section, introduction and scope, the issues and the challenges of climate
change arising from heat waves are described by means of case study cities from the
literature review. Based on the challenges that the cities have to face, (i) we defined the
scopes of the developed case study cities and (i) conducted analyses for urban
adaptation effects on the urban climate.

The contents are organized by considering two different spatial scales:

e mesoscale, the entire city and its parts;
e microscale, the city quarter, square, urban canopy street, etc.

In the methodology section, the most important existing methods and tools for urban
climate analysis have been presented. The literature review identified the following
elements: (i) the features of the two spatial scales (mesoscale and microscale) and (ii) the
tools, methods and approaches used in each spatial scale and in the presented case
study cities. At the mesoscale, analyses on the cities of Antwerp, Paris and Delhi were
conducted; at the microscale, urban climate simulations were performed on Antwerp and
Bilbao.

Regarding the effect of green strategies, the following was completed:

e At the mesoscale, sensitivity simulations and measurements were conducted,
based on land-use change scenarios in which urban built-up areas in the model
were replaced by green areas. Furthermore, analyses were performed to evaluate
the impact of the size of urban park areas with respect to their cooling potential.
In addition, a regression-based sensitivity analysis on air temperature versus
green areas was conducted in Paris for the summer of 2003.

o At the microscale, simulations and measurements for the urban climate model
were conducted in order to calculate the potential adaptation effect of trees in a
large square in the centre of Antwerp. A comparative analysis was performed to
determine which green strategies can best improve thermal comfort in typical
urban canyons in Bilbao.

The results and discussion section points out that urban green areas, such as parks and
green infrastructure like tree-lined streets, have the potential to reduce the urban heat
island (UHI) risk locally and in the nearby areas. At the city scale, the effect of vegetation
on thermal comfort appears to be limited, unless the percentage of urban vegetation is
radically (and unrealistically) enhanced. Nevertheless, vegetation on the very local scale
does have good potential as a cooling measure, especially due to its influence on the
radiation fluxes and consequently its effects on thermal comfort.

Based on the conducted measurements and analyses, Deliverable 4.3 proposes a set of
general adaptive strategies and design recommendations.

At mesoscale analyses:

viii



RAMSES Project (Grant Agreement n° 308497)

in Antwerp was observed that the presence of large parks in the city centre brings
local cooling and their presence is definitely preferable to small parks given that
one big park provides a higher cooling effect than many small ones. However, the
presence of smaller parks might be important at local scale in order to create
cooling spots during heat wave events.

in Paris was qualitatively and quantitatively confirmed the cooling potential of
urban green space. The presence of urban park zone exhibits roughly half the UHI
intensity, even if the benefit remains strictly localized in the area of the park and in
proximity of built urban areas.

in the city of Delhi was also confirmed that the presence of larger green areas are
preferable in comparison to several distributed green spots, given their higher
cooling effect.

At microscale analyses:

in Antwerp the conducted measurements in summer 2013 during the diurnal cycle
confirmed the thermal benefit given by the presence of the Stadspark within the
city. It also contributes in reducing consistently the number of UHI events.
Furthermore in Groenplaats square in the centre of city showed the importance of
planting trees in large urban environments by reducing locally the PMV values due
to their shadows.

in Bilbao was demonstrated that the tree-lined streets provided a cooling effect
within the urban canyon in terms of PET reduction and local spatial extent.
Furthermore the effect of the green roofs on PET at ground level of the street
canyon was also noticeable but it resulted relatively small compared to the
presence of grass and trees. Therefore tree-lined streets are preferable to green
roofs given their higher cooling effect. Also other urban parameters such as
orientation and aspect ratio between height and width of the urban canyons have
a considerable influence on thermal comfort at the pedestrian level.

The estimated cooling benefits could not be indifferently extended to all the cities given
that they are strictly related to the morphology and the urban density of each specific
city, the localization and extension of the green areas, the geometry and the orientations
of the urban canyons, the presence of prevalent wind. However, the methodologies used
in the case study cities could be replicated in other cities for developing urban green
desigh recommendations to mitigate the urban heat island effect.
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1 Introduction and scope

1.1 Issues and challenges of the urban heat island in the urban area

The 21% century can be defined as the first “urban century”, with global population
projected to reach 8.1 billion in 2025 and 9.6 billion in 2050 [1]. This trend can be
expected to continue, and the environmental impact of urban areas is a growing concern
[2]. This means that more than half of the world’s population will live in cities in the near
future. In the global context of climate change, the urbanized areas will be more and
more vulnerable to extreme weather conditions [3], which will increase the main climatic
risks such as heat waves.

In the last ten years, urban areas have experienced additional heat stress due to the
urban heat island (UHI) effect. In a recent study conducted in Berlin, Gabriela and
Endlicher [4] found that during heat wave events, mortality rates were higher in the city,
especially in the most densely built-up districts. Dousset et al. [5] concluded that for
Paris during the summer heat wave of 2003, areas exhibiting the highest remotely sensed
night-time infrared surface temperature suffered the highest excess mortality. Again for
the 2003 European heat wave, Vandentorren et al. [6] found that heat-related excess
mortality was especially high in cities, Paris featuring as the highest with an excess
mortality of nearly 140% during the period from 1 to 19 August 2003. Even though this
enhanced excess mortality can at least partly be attributed to the vulnerability of the
urban population (e.g. larger share of isolated elderly people), increased mortality has
also been associated with the urban temperature increment itself [7].

Global climate projections consistently point towards an increase in the number,
frequency, and intensity of heat waves [8,9]. Schér et al. [10] have shown that extremely
hot summers such as the one in 2003 in Europe are likely to become rather common
towards the end of the century.

Heat waves claim more victims than any other weather-related disaster [11]. A striking
illustration of this stems from the comparison between the number of victims of
Hurricane Katrina in 2005, which amounted to approximately 1,500 deaths [12], and
those of the European heat wave of 2003, which was responsible for 70,000 reported
heat-related deaths [13]. Often, the health impact of heat waves is minimized by invoking
the “harvesting” phenomenon, i.e. the displacement of monrtality by days or weeks.
However, Saha et al. [14] have shown that, although minor heat wave episodes do induce
a fair share of harvesting, this effect decreases as a function of heat wave strength. In
particular, for the European heat wave of 2003, Toulemon and Barbieri [15] found that the
harvesting effect was modest. They found that of the 15,000 excess deaths in France
after the heat wave in the summer of 2003, some 4,000 would have died before the end
of 2004 in any event. Statistically, the remaining 11,000 would have lived for another 8 to
11 years. From this data, it was estimated that an equivalent of approximately 100,000
life-years were lost in France alone [7].

Recent studies have demonstrated that the urban temperature increases during the heat
waves. Stone [16] investigated the impact of the heat wave that occurred in the second
half of July 1999 in the Midwestern USA, with temperatures rising well above 32°C, which
resulted in several hundred excess deaths. During this event, the cities of Chicago and St
Louis were found to be disproportionally hotter than their rural surroundings, i.e. during
the heat wave, the UHI intensity of these cities was higher than average. Li and Bou-Zeid
[17] considered a heat wave episode in Baltimore (USA), and likewise found an enhanced
difference between urban and rural temperatures, i.e. during the heat wave, the urban-
rural temperature contrast itself increased.




RAMSES Project (Grant Agreement n° 308497)

Measurements have shown that green areas, such as parks and tree-lined streets, are
cooler than other urban locations [18], but this effect is generally local and has little to no
impact on temperatures in nearby areas [19]. Fallmann et al. [20] found that the presence
of a park in Stuttgart locally cools the air temperature by around 1.5°C. It was also
demonstrated that one large park is slightly more efficient than the presence of several
small parks with the same equivalent surface area. Schubert et al. [21] reviewed potential
greening versus soil sealing in Berlin. They came to the conclusion that 25% extra
sealing area induces a temperature increase of 0.82°C, while 15% extra greening
corresponds to a temperature decrease of 0.5°C. Therefore, given that the presence of
parks and green corridors has become more necessary for cooling the UHI in the built
environment, their regulation should be framed in the different urban planning scales [22]
[23]. Some studies have demonstrated that, even though the cooling effect of the green
parks remains rather circumstantial to the vegetated areas, it can also have benefits for
the nearby urban areas around the park [22,24]. Several other studies have also
confirmed that both the integration of trees or groups of trees within the urban fabric and
the presence of tree-lined streets in the urban canyons have a significant cooling effect
in terms of reducing the heat island effect [25,26,27].

Gromke et al. [28] examined the effect on air temperature at ground level provided by the
presence of tree-lined streets, green fagades and green roofs by using computational
fluid dynamics (CFD) simulations. On a typical warm day, the highest impact is made by
the presence of tree-lined streets, which cool the temperature by up to 1.5°C. Green
facades and green roofs were found to have a benefit of about 0.5°C on local air
temperature. The authors noted that the effects were only felt in the direct
neighbourhood of the additional green space, so if one wants to achieve a city-wide
temperature reduction, a large amount of vegetation is required. Also, vegetation-based
measures are only effective when sufficient water is available, which may require
irrigation during heat waves.

Vegetation has not only a positive effect on the air temperature, but also on the surface
temperature and the heat stress that people experience during the day. In a study on
Manchester, Gill et al. [29] found that, on a hot summer day, the surface temperatures in
the city centre were 13°C higher than in a nearby forest. A sensitivity analysis showed
that an increase of 10% of the amount of green space in the city would decrease the
surface temperature by 4°C, while a decrease of 10% would have the reverse effect.

The microclimate also influences decisions on whether to use urban space. Axarli and
Chatzidimitriou conducted a study based on bioclimatic criteria for improving
pedestrians’ thermal comfort using different types of trees, low vegetation, green
facades, water elements and different soils [30]. Gehl observed the influence of the
microclimate on outdoor activities by counting people sitting on benches in the sun and
in the shadow of trees [31]. The study showed a significant impact of local sunny or
shady conditions on the desire of people to either stay or leave. Another study
conducted in Taiwan investigated people’s behaviour in urban outdoor spaces: 93% of
people visiting a public square in summer chose to stay in the shade of trees or
buildings, indicating the importance of shade in outdoor environments [32].

UHIs also have other impacts on urban residents [32], including modified energy demand
(higher in summer, lower in winter), thermal stress especially on pedestrians, increased
air pollution formation rates and temperature on the facades, and loss of soil moisture.
Some studies underline the benefits of vegetation in American and European cities: the
cooling effect created by the shading of the trees during the summer time can create a
huge reduction in terms of cooling demands of buildings [33,34], as well as reduce CO,
emissions and increase thermal comfort. Akbari demonstrated that trees in the urban
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environment offer significant benefits in terms of reducing building air-conditioning
demand and improving urban air quality by decreasing air pollution [35].

1.2 The role of urban simulation in the urban microclimate analyses

Urban planning strategies are more frequently taking into account the presence of
vegetation within the urban environment as a crucial element for improving the quality of
urban spaces [36]. In fact, urban processes can create local climate conditions that are
divergent from the average and influence directly the population that lives in those areas.
Architects, urban planners, landscapers, politicians, developers and engineering firms
should be aware that the quality, liveability and vitality of urban spaces and urban
climate could be strongly modified in line with their political and design decisions
[2,37,38].

All environmental and design aspects significantly influence the relationship between the
city and people [39] including their health [40,41]. The recognized added value of making
outdoor spaces more attractive for people has become a challenge in urban planning
[31,42,43,44]. The variations of sun and shade spaces, and changes in wind speed, air
temperature, relative humidity and other characteristics of the urban environment
inevitably affect citizens’ thermal comfort sensation, given their direct exposure to these
factors.

Vegetation plays a significant role in regulating the urban climate, as demonstrated in
different studies conducted in the cities affected by UHI [22,45]. Beyond mitigating UHI,
the use of vegetation, such as green areas, green roofs and green fagades, increases the
presence of impervious surfaces, which are able to retain water, thus controlling peak
discharge [46,47]. All these strategies have a crucial role in the process of sustainable
passive refrigeration in urban planning as well as in increasing the human thermal
comfort [25,48,49].

To simulate local conditions, microscale numerical models specifically developed for
testing typical artificial urban boundaries are needed. The multitude of different finishing
materials and sheltering objects produce a very distinct pattern of different climate
conditions, especially within built structures such as street canyons [50]. This happens
mostly during the daytime, in which the combination of high temperatures and intense
solar radiation create strong problems of heat stress [51]. It is becoming common
practice to inform urban planners and decision-makers about the attractiveness and
effectiveness of new urban spaces by using modelling and simulation tools. Their use
enables the benefits of various design and planning alternatives to be tested, predicted
and compared, for example in terms of providing quantitative and qualitative
understanding of the relationships between the microclimatic environment, subjective
thermal assessment and social behaviour. This process works ideally as support
information during the early design phases in order to develop the intervention towards a
more sustainable and liveable open space for the public. Environmental modelling tools
such as ENVI-met [52], TownScope [53], RayMan [54] and SOLWEIG [55] can help
predict climatic conditions. Human physiological modelling tools such as those by
Huizenga et al. [56] and Huttner, Bruse et al. [57,58] can also provide assessment of
human thermal comfort.

1.3 Aims

This deliverable presents some examples of cooling public spaces and buildings in cities
by using green vegetation elements such as parks, green roofs, tree-lined streets and
green corridors on different urban scales. The outcomes of experimental campaigns on
site were investigated and simulation analyses were conducted to study how the green
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infrastructure could affect the local climate in the urban environments of the different
analysed cities.

The aims of the deliverable are to:

o identify methods, processes and tools applied in different case study cities to
analyse and prevent the risk of the UHI;

o develop desigh recommendations for mitigating the UHI; and

o explore the feedback between adaptation measures and the urban climate in
order to identify potential trade-offs and synergies between different urban
planning and design policies.

2 Background of spatial scale modelling and monitoring

In the past decade, various applications, such as simulation analyses and on-site
measurements conducted in different climate zones, have produced several research
outputs on outdoor thermal comfort in the urban environment. On the one hand, the
number of studies focusing on how people’s thermal perception influences their
behaviour and the use of outdoor spaces has increased [30,31,32,39,40,41,42,43,44],
while on the other hand, the interest in proposing sustainable strategies has acquired
more dedication from researchers and planning practitioners
[22,24,25,26,27,35,45,46,47,48,49,50].

The data provided by on-site measurements, humerical modelling, simulations and other
methods of urban climate analysis give significant information that could influence the
morphology and the configuration of the urban environment, such as the choice of the
finishing material of facades, roofs and paving, and type of urban vegetation and urban
fabric [59]. The quantitative information resulting from these methods will support city
planners and administrations in developing effective urban climate adaptation policies
and strategies.

2.1 Spatial scale of the analyses

The complexity of the calculation of the urban climate parameters requires different
numerical models due to the different spatial and temporal scales involved. For example,
the spatial scale can vary from a few metres (buildings) to a few kilometres, which
requires different models and tools for analysing diverse scales [60].

Regional climate information Urban Climate Map Local climate evaluation
(ventilation pattern) (UC-Map) (street, city quarters)
MESOSCALE -  MICROSCALE

Figure 1 — Multi-scale approach of the urban climate. Steps to evaluate climate in an urban planning context [61].
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The use of different spatial scales is extremely important for scale-dependent
simplifications. In fact, each model has a specific resolution and grid size in order to
solve only a certain level of detail of analysis.

As shown in Figure 1, the spatial scale and the model can vary from (i) a global humerical
model with a resolution of a few hundred kilometres (regional and city scale), (ii) to a
mesoscale model with a resolution of a few hundred metres (neighbourhood scale), and
(iii) to a microscale model with a resolution of a few metres on both the building and
urban scale (urban canyon, building scale) [60,61].

2.2 Tools, methods and approaches

The models presented in this section were used for the urban climate analyses and multi-
scale studies of the UHI in selected RAMSES cities combining global climate, mesoscale,
and microscale models.

Selected tools, methods and approaches for climate analyses at the mesoscale and
microscale are described in the following sub-sections. Most of them were used for the
microclimate analyses of the case study cities presented in this deliverable.

2.2.1 Mesoscale models and tools

In mesoscale analysis, the city is treated as a whole system interacting with its
surroundings, rather than looking at the street-scale level. Mesoscale modelling covers a
domain size of typically a few tens of kilometres. The typical grid size varies from
regional (up to 100 km or 200 km) to city scale (up to 10 km or 20 km) with a moderate
spatial resolution (in the order of 100 m).

2.2.1.1 Satellite thermal image

A satellite thermal image maps the UHI by means of thermal infrared satellite imagery
that allows the effect of urban climate through land surface temperature (LST) to be
analysed.

An example of this technology is the Advanced Spaceborne Thermal Emission and
Reflection Radiometer (ASTER). ASTER data is used to create detailed maps of LST,
reflectance and elevation. The maps can help to better predict variability and trends in
climate, weather and natural hazards [62].

Another example is the use of MODIS Layer Information Moderate Resolution Imaging
Spectroradiometer thermal satellite. It displays information on hotspot locations using
thermal images collected by the MODIS. The MODIS instrument creates images of the
entire surface of the Earth every two days (daily in northern latitudes), making
observations in 36 co-registered spectral bands at moderate spatial resolutions (250, 500
and 1,000 metres). Thermal information is collected at 1,000-metres spatial resolution
[63].

2.2.1.2 The Weather Research and Forecasting Model

The Weather Research and Forecasting Model (WRFM}) is a next-generation mesoscale
numerical weather prediction system designed for both atmospheric research and
operational forecasting needs. It features two dynamic cores, a data assimilation system
and software architecture that facilitates parallel computation and system extensibility.
The model serves a wide range of meteorological applications across scales from tens of
metres to thousands of kilometres. WRFM can generate atmospheric simulations using
real data (observations, analyses) or idealized conditions. WRFM offers operational
forecasting a flexible and computationally efficient platform while providing recent
advances in physics, and numeric and data assimilation contributed by developers
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across the very broad research community. The WRFM model is also used for studying
city-scale impacts of UHI in future scenarios [64].

2.2.1.3 UC-Map

The urban climate map, UC-Map, is an important information and evaluation tool for
integrating urban climate factors into the urban development strategies. It provides
information on climate phenomena and problems in two-dimensional spatial maps
[65,66,67,68,69]. The UC-Map has two major components [70]: the Urban Climate
Analysis Map (UC-AnMap), which includes climate information describing UHI effects
and ventilation patterns, and the Urban Climate Recommendation Map (UC-ReMap),
which identifies sensitive climate areas that need specific attention and includes
planning advice for mitigating negative climate impacts and strengthening positive ones.
One of the most relevant aspects of the UC-Map is that it is based on Geographic
Information Systems (GIS), enabling integration of climate knowledge into urban
planning. The maps have a typical resolution of 100 m [70,71], do not represent a certain
climatic condition in a specific period of time, and hence are not fit for studying the local
climate phenomena at the microscale. For analyses at the microscale it is hecessary to
use computational models, such as the ENVI-met model [52], which takes into account
the interactions between atmosphere, earth surface and all the urban elements.

2.2.1.4 Enviro-HIRLAM

The Enviro-HIRLAM model (Environment-High-Resolution Limited Area Model) is
developing an online integrated Meso-Meteorological (MetM) system. By using coupled
modelling applications based on numerical weather predictions and an Atmospheric
Chemical Transport Model (ACTM), the Enviro-HIRLAM model enables the prediction of
atmospheric composition, meteorology and climate change [72,73]. Implementation of
ACTM in Enviro-HIRLAM enables inclusion of feedback (regional to urban scale) between
the ACTM and numerical weather prediction models [74,75]. The governing equations
describing the main processes, such as emissions, advection, horizontal and vertical
diffusion, wet and dry deposition, convection and chemistry and aerosol feedback, are
solved by the meteorological and chemistry models. The system includes the nesting of
domains for higher resolutions, different types of urbanization, and implementation of
chemical mechanisms and aerosol dynamics. Enviro-HIRLAM is also coupled with the
Building Effect Parameterization module (BEP) [76] and a parameterization of the
anthropogenic heat fluxes extracted from the Large-scale Urban Consumption of energY
(LUCY) model [77].

A combination of several urban districts that constitutes the city has been represented
using BEP. The composition of each district is characterized by a combination of
multiple streets and buildings which make up street urban canyons with constant widths
but different heights and similar thermo-dynamic characteristics. The contribution of
every facet of the urban substrate (street canyon floor, roofs and walls of buildings) is
included in the parameterization: heat and turbulent kinetic energy equations are
calculated separately as contributions of the vertical surfaces (building walls) as well as
horizontal surfaces (floors and roofs).

The anthropogenic heat flux from the global down to the individual city scale at 0.25 arc-
minute resolution [77] is simulated by the LUCY model. Information regarding different
working patterns, public holidays, vehicle use and energy consumption can be included
in the model.

2.2.1.5 UrbClim

UrbClim is a new urban climate model designed to cover mesoscale domains at a spatial
resolution of a few hundred metres. This model is a land surface scheme in which the
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urban terrain is represented as an impervious slab based on the climate parameters such
as albedo, emissivity and aerodynamic and thermal roughness length, and accounting
for anthropogenic heat fluxes. UrbClim is coupled to a 3D atmospheric boundary layer
module and it is based on simple urban physics. Several validation exercises were
conducted for the UrbClim model: Toulouse (France), Ghent and Antwerp (Belgium),
Barcelona and Bilbao (Spain), London (UK), Almada (Portugal) and Berlin (Germany). In
the analyses, turbulent energy fluxes, wind speed and urban-rural temperature
differences were considered. The conducted analyses demonstrated that despite its
simplicity, UrbClim has the same level of accuracy than more advanced models [78]. The
added value of UrbClim is its computational time that resulted in faster rather than high-
resolution mesoscale climate models by about at least two orders of magnitude. This
characteristic of the model makes it suitable for long-time integrations in urban climate
projections [78].

2.2.2 Microscale models and tools

Microscale simulations consider much smaller domains (a few hundred metres) but
employ a much finer spatial resolution (a few metres). Consequently, measurements that
aim to cover these variations must be properly and carefully evaluated. In order to
estimate effects like pedestrian thermal comfort, the microscale is usually the most
relevant scale. However, the main aim of microclimate modelling is to make use of the
new ability to observe and analyse consequences of different planning scenarios, as well
as to study the impact of the probable increase or decrease in buildings or vegetation
due to urban planning.

The typical grid scales in the microscale are neighbourhood scale (up to 1 km or 2 km),
and street canyon scale (less than 100 m).

2.2.2.1 Mobile measurements

For local climatological studies, it is common to use either a stationary network of field
stations or vehicles equipped with temperature sensors such as mobile measurements.

These measurements have a long tradition: already a century ago, studies used mobile
platforms to describe climate variations as well as to study topo-climatology and urban
climatology [79]. Mobile measurements have also been used to describe spatial
variations in temperature in areas close to roads [80,81].

The advantage of using a mobile platform is that a large area can be covered in a
relatively short period and that the same instruments are used. Temperature patterns in
relation to topographical factors can be analysed whilst avoiding instrumental errors and
calibration.

An important step in the development of the traditional mobile measurements was the
inclusion of surface temperature sensors for road climatological studies [82].

2.2.2.2 Observations: in-situ measurements and remote sensing

In-situ-measurements, also identified as in-situ sensing, can be defined as a technology
used to acquire information about an object when the distance between the object and
the sensor is comparable to or smaller than any linear dimension of the sensor. Networks
of in-situ sensors have been used for decades in humerous contexts; one of the most
prevalent is meteorological stations for collecting climate data.

During the last few years, new monitoring systems (remote sensing) together with
wireless telecommunication technologies have advanced at a rapid pace and found new
applications. It is becoming increasingly feasible to provide quality-controlled network-
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wide data to users via the internet in near real time and this can be assimilated into
models within hours with these new technologies [83].

2.2.2.3 ENVI-met

ENVI-met is an example of a widely used urban climate simulation program, specifically
developed to study the urban microclimate. This 3D microclimate modelling software,
made available free of charge, is used to calculate numerous the meteorological factors
as well as comfort quality within an urban area [50,52]. ENVI-met is one of the first
models to reproduce the major processes in the atmosphere - including air flow,
turbulence, radiation fluxes, air temperature and humidity — on a well-founded physical
basis. In ENVI-met, buildings are represented explicitly as obstacles: this feature is
completely different to the approach followed in UrbClim, in which the urban substrate is
represented as a rough slab.

ENVI-met simulates microclimatic dynamics within a daily cycle in complex urban
structures (i.e. buildings of various shapes and heights) as well as vegetation. Its high
spatial and temporal resolution enables a fine understanding of the microclimate at street
level. This makes ENVI-met a powerful decision support system for urban master
planning that takes into account contemporary demands of climate adaptation and
mitigation aspects. It is designed for the microscale with a typical horizontal resolution
from 0.5 to 10 m. This resolution allows analysis of small-scale interactions between
individual buildings, surfaces and plants.

2.2.2.4 TOWNSCOPE

TOWNSCOPE [53] is a digital system developed for conducting solar access analysis in
order to support decision-making from a sustainable urban design perspective. The tool,
coupled with solar evaluation algorithms, is a three-dimensional urban information
system. The 3D models generated by TOWNSCOPE allow the computing of direct,
diffuse and reflected radiation in each point. With this data, Fanger’s thermal comfort
equations [84] can be solved to provide air temperature, relative humidity, ventilation
rates and wind speed for any point.

TOWNSCOPE has been coupled with a thermal comfort algorithm, developed by the
University of Seville [85] in order to provide urban climate information as described
above.

2.2.2.5 RayMan

The RayMan model is used for calculating short- and long-wave radiation fluxes on the
human body [86]. Suitable for several applications in urban areas such as urban planning
and street design, RayMan enables researchers to work on complex urban structures.
The value of mean radiant temperature (T..) is the output of the model. This climate
parameter is required for the human energy balance model, assessment of the urban
bioclimate and the calculation of thermal indices such as predicted mean vote (PMV),
physiologically equivalent temperature (PET) and standard effective temperature (SET).
The German VDI Guidelines 3789 Part Il [87] (environmental meteorology, interactions
between atmosphere and surfaces; calculation of short- and long-wave radiation) and
VDI 3787 (environmental meteorology, methods for the human-biometeorological
evaluation of climate and air quality for urban and regional planning. Part I: climate) [88]
make up the base of the RayMan model. Experimental studies have been used to
validate the tool [86].
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2.2.2.6 SOLWEIG

The SOLWEIG (SOlar and Long-Wave Environmental Irradiance Geometry) model allows
researchers to quantify the variations in the mean radiant temperatures (T, and PET in
the urban environment spatially and temporally in the time horizon 2080-2099 [55].

3 Methodology

This section first describes the indices of human thermal comfort used in the case study
cities, and then looks at the selected tools, metrics, spatial scales, scenarios and aims of
each case study city.

3.1 Indices of human thermal comfort

On the meso and microscale, climatic parameters and conditions are mostly influenced
by natural and artificial morphology. Their temporal and spatial behaviour are significant
at different levels of regional and urban planning, i.e. design of urban parks or radiation
conditions in urban canyons, and a variety of other applications [86,89,90].

The thermal component is an important factor, influenced by meteorological parameters
such as air temperature, air humidity, wind velocity, mean radiant temperature and also
short- and long-wave radiation [91,92]. These parameters thermo-physiologically affect
human beings indoors and outdoors. For the estimation of thermal indices, common
meteorological data is required.

3.1.1 Predicted mean vote and physiological equivalent temperature

Thermal indices, derived from the energy balance of the human body, are used in many
applications of bioclimatology and applied climatology. In this deliverable, some of the
analyses were conducted using the models in order to assess the human thermal
experience in the urban environment.

The human thermal comfort level is measured by a humber of biometeorological indices
that associate microclimate conditions with human thermal sensation. These indices are
categorized as steady-state models. Despite some research demonstrating that they
cannot effectively account for the dynamic aspects of human thermal adaptation,
thermal indices are still the most used in scientific literature [93]. Among the steady-state
model studies, several have expressed thermal comfort using the PMV, an index that
predicts average thermal response. In other studies, air temperature and thermal comfort
in different design areas have been evaluated by means of the PET [51].

The PET is based on the Munich Energy-balance Model for Individuals (MEMI) [91], which
models the thermal conditions of the human body in a physiologically relevant way. PET
is defined as the physiological equivalent temperature at any given place (outdoors or
indoors) and is equivalent to the air temperature at which, in a typical indoor setting, the
heat balance of the human body is maintained with core and skin temperatures equal to
those under the conditions being assessed. This way PET enables a layperson to
compare the integral effects of complex thermal conditions outside with his or her own
experience indoors [91]. Its calculation is influenced by the activity of the people,
clothing and meteorological parameters such as wind speed and humidity.

It expresses the human thermal comfort in both indoor and outdoor environments using
the international standard unit widely known as the Celsius degree (°C) [2]. It is easily
comprehensible by all actors and professionals involved in the urban and design
process, with any specific technical background. PET gives the measure of thermal
comfort considering the meteorological parameters: air temperature, air humidity, wind
velocity and radiation fluxes. It also takes into account the physics of the human body:
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seXx, height, activity, clothing resistance for heat transfer, short-wave albedo and long-
wave emissivity of the surface [91] (Figure 2). In order to classify cold, neutral and heat
stress in the urban canopies, the calculated values have been referred to the evaluation
scale of Matzarakis and Mayer [94].

A brief description of the outputs is given below in order to provide the most relevant
physical and technical aspects of their influence in human comfort and urban
environment.

Heat Balancing (MEMI}: Summer

T,=30°C, Ty=60°C,EH =90%,v=1.0m/5, PET =43 °C

Irternal heat production: 258 Wy Sespiratory heat loss: 27 W
I\ﬂean skin tempersture: 361 °C Imperceptable Perspiration: -11 W
Sody core temperature: 37 .5 °C Sweat evapoaoration: -317 W

Skin wettedness: 53 % Convection: -143WY
Vater loss 525 gh Met radiation: +240W

Body Parameters:1.80 m, 75 kg, 35 years, 0.5 clo, walking (4 Krh)

Figure 2 — Sample heat balance calculation with the MEMI for warm and sunny conditions [91].

Table 1 summarizes the level of thermal comfort that humans feel in the outdoor
environment: all values will be classified following these ranges [94].

Table 1 — Ranges of the PET level corresponding to the thermal sensitivity and grade of physiological stress [92] [95] [96].

PMV (°C) PET (°C) Thermal perception Grade of physiological stress

Very cold Extreme cold stress
=35 4

Cold Strong cold stress
-2.5 8

Cool Moderate cold stress
-1.5 13

Slightly cold Slight cold stress
-0.5 18

Neutral No thermal stress
0.5 23

Slightly warm Slight heat stress
15 29

Warm Moderate heat stress
2.5 35

Hot Strong heat stress
3.5 41

Very hot Extreme heat stress

PMV is expressed as a dimensionless quantity that scales between -4 (too cold) and +4
(too warm). Its values can be linked to the percentage of people that still feel comfortable
at a given PMV value. The optimal value is 0, and at decreasing or increasing values,
people increasingly feel uncomfortable. At a PMV value of 2, 80% of subjects complain,
and towards a value of 4, nearly everyone feels uncomfortable.

PET and PMV depend on a number of additional meteorological variables including
ambient temperature, relative humidity, wind speed and T, T, is one of the most
important indicators of human thermal comfort in order to obtain the human energy
balance during summer conditions [97,98], with the greatest spatial variability within a
microscale urban area due to complex geometry and heterogeneous surface
characteristics.

10
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3.1.2 Wet bulb globe temperature

Heat stress indicators such as the wet bulb globe temperature (WBGT) — which has been
employed in deliverable D5.2 to estimate productivity loss associated with excessive
heat stress — are very sensitive to LST as the latter determines the long-wave radiant
heat load experienced by a person. The effect of vegetation on attenuating the WBGT
should thus induce a beneficial impact for human exposure to heat stress.

3.1.3 Land surface temperature

LST is largely recognized as an indicator to assess the effects of surface radiative
proprieties, energy exchange, internal climate of buildings and human comfort in the
cities. LST is used in conjunction with other indicators, such as land-cover, land use,
vegetation index and urban morphology [99,100,101,102].

For large domains such as cities, LST is typically determined by means of satellite
remote sensing imagery. Recently, Oltra-Carrié et al. [103] conducted an investigation
regarding the most suitable methods and algorithms to retrieve LST data from satellite
thermal imagery. From this, it emerged that the temperature-emissivity separation (TES)
algorithm [104] best reproduces urban surface temperatures. This algorithm does not
require a priori knowledge regarding the emissivity of the surface, which is a definite
advantage over urban areas as these are characterized by strongly deviating infrared
emissivity values.

Currently, the ASTER instrument on board the EOS-TERRA satellite platform appears to
be the sole instrument capable of employing this algorithm, as it is the only one with
enough (five) thermal channels to actually apply it. ASTER imagery has a spatial
resolution of 90 m in the thermal infrared part of the spectrum.

3.1.4 Normalized difference vegetation index

The normalized difference vegetation index (NDVI) is defined as:

NDVl — pnir _pred
pnir +pred

with preamip representing the reflectance of the land surface in the red and near-infrared
(nir) spectral bands. Live green vegetation generally exhibits much higher reflectance
values in the near-infrared portion of the spectrum, so areas covered with vegetation
would yield high NDVI values. The normalization achieved by dividing the reflectance
difference by its sum is mainly intended to reduce atmospheric effects as much as
possible.

3.2 Tools and selected metrics for the case study cities

This section provides an overview about the selected metrics and the fixed settings for
each case study city analysed for this report.

Table 2 shows the methods and tools for doing the analyses, the conducted
measurements and simulations, the indices used, and the analysed scenarios for the
case study cities at the mesoscale, while Table 3 shows the same at the micro-scale.

Furthermore, all the specifications about the spatial and temporal scales are listed
below.

11
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D4.3

Table 2 — Selected metrics and fixed settings for the case study cities analysed at the mesoscale.

. Spatial . . Temporal scale or other
City scale Model/tools Index Scenarios Aim comments
Tlhe! best satellte Image (east  Mapitie suriace UISUb). 24 July 2012 at 12:57 local time,
Satellite thermal image  LST contaminated byl cloud) was Analyse  the effscts of green reglstered using the ASTER
selected for analysis. . instrument.
infrastructure on LST.
Assess:
Avefage 2Ely MEEN, The expansion of the urban [l |mpact C.)f dn"ferent land-cover 20-year periods (1986-2005 and
maximum and  minimum ) } categories, in  particular  those )
areas and the implementation . ) T 2081-2100) on the average daily
Land-use change temperatures. . . involving urban vegetation; ) L
. . of green areas in the city core mean, maximum and minimum
experiments/UrbClim ) )
in current and future climate . . temperatures for the summer
Annual mean number of " The UHI magnitude; and )
conditions. period (June-August).
heat wave days (HWDs).
Antwerp | Mesoscale The number of HWDs.
) ) ) Assess the impact of city-wide
The reference situation, using '
vegetation abundance of UHI !
the actually observed . : Note that the analysis focuses on
. . intensity. . ) o
vegetation fraction cover night-time (midnight) temperatures
patterns (the vegetation within . : as (1) the UHI effect is strongest at
Describe and analyse the impact of . LT
the urban core on average land-cover chanaes. in  particular night, and (2) there are indications
UrbClim LST reaches around 20-30%). ges, par that nocturnal temperatures, even
those related to changes in the .
. : though lower than daytime values,
amount of vegetation, on simulated : i
Subsequently, the same . are more determinant when it
: . . air temperature patterns. :
simulation was run, changing comes to the impact on human
the amount of urban vegetation o ' health.
: . - Set limits to what can be maximally
by setting a lower limit of 60%. : : .
achieved by greening the city.
A Sl o7 g Iargel’ e Investigate the UHI intensity of an .
Paris Mesoscale | UrbClim LST dlfeE) VES e Ueing s urban park zone versus the nearb Reioe] em St Wigl i St
prognostic urban climate an p 4 September 2003.
built-up areas.
model.
Land-cover categories
contained in the World
Urban Database and The NDVI and LST were
Delhi Meseseals Access Portal Tools. LST. NDVI and WBGT observed as an average for the Review the impact of vegetation February 2015

MODIS instrument on
board the TERRA
platform.

measured  month
2015).

(February

abundance.
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D4.3

Table 3 — Selected metrics and fixed settings for the case study cities analysed at the microscale.

City Skl Model/tools Index Scenarios Aim TRl - sesln  @r e
scale comments
. One station was installed in the
Air  temperature and centre of the city, one at a rural
number of nights location near Ayrywtwer and a Assess the benefit of urban greening  The data was acquired during the
In-situ measurements exceeding the 18°C and ; ) .p’, . on thermal comfort in  urban  summer of 2013 (from 10th July to
o third one in the city’'s main )
20°C nocturnal environment. 11th September).
thresholds centrally located park, called
the Stadspark.
The car was driven along a Car equipped with a number of
trajectory starting at the bio sensors, including actively and
Antwerp | Microscale farm (rural) station at 19:17, Measure the daytime maximum air passively ventilated temperature
Maobile measurements Air temperature and crossing the entire city up  temperature along the designed  sensors.
to the harbour area (arrival path. The measurements were acquired
there at 20:21), passing near during the afternoon and evening
the Stadspark in the process. of 4th September 2013.
The simulation experiments llnvestllgate altematllvle spatial designs Heat stress was calculated on
ENVI-met PMV were conducted on the involving additional green
. . 24th July 2012.
Groenplaats city square. infrastructure.
Initial ! i, c " Wi ; The evaluation was performed in
mtlta §c|enar|o, d(lj erent grognd cimpar? ve anay&std 0 thgreenI three  urban  street  canyons
matenals an greetmng ac 'Ofni[ © |.r3prct>ve. OLlj ogr etrmat characterized by different aspect
|s.cenarlos using grass, tree- comfort inside typical urban street | | o a height/width (H/W) ratio of
ned streets. canyons. 1.3 “compact low-rise” exemplified
by Casco Vieo, HW 15
“compact mid-rise” exemplified by
Bilbao Microscale | ENVI-met PET Abando/Indautxu, and H/W 3.5

Different orientation and
greening strategies maintaining
the following constant ratios:
Hiree/ Heanyon and Wtree/vvcanyon.

Generalization of the first part of the
work analysing the effects of
orientation, aspect ratio, ground
surface material and  vegetation
elements on thermal stress inside
typical urban canyons.

“open-set high-rise” exemplified by
Txurdinaga.

The analysed scenarios were run
on 6th and 7th August in order to
simulate typical summer day
conditions in Bilbao.
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4 Results and discussion

This chapter presents the results of the climate analyses for the different case study
cities: Antwerp, Paris and Delhi at the mesoscale and Antwerp and Bilbao at the
microscale. VITO researchers worked on the cities of Antwerp, Paris and Delhi, while the
analyses on the city of Bilbao were conducted by NTNU/TECNALIA. It should be noted
that the latter, i.e. the Antwerp/Bilbao microscale case studies, were conducted in close
cooperation with the respective municipal administrations.

4.1 Mesoscale case study cities

At the agglomeration scale, first an analysis of thermal satellite imagery on Antwerp was
conducted to assess the effect of urban green areas on observed LST. Subsequently, the
UrbClim model was run using different land-cover configurations, and an assessment
was made of the impact of these different configurations on 2-m air temperature fields.
Simulations were also conducted for the Paris area, where the effect of vegetation
abundance on simulated temperature fields was assessed by means of a local statistical
regression of simulated temperatures with respect to vegetation abundance. Finally, an
analysis was done on the relationship between remotely sensed LST and vegetation
abundance for the city of Delhi.

41.1 Antwerp
The next sections present the mesoscale analyses for the city of Antwerp.
4.1.1.1 Satellite thermal image

The SUHI was mapped by means of thermal infrared satellite imagery, and analysed for
the effects of green infrastructure on LST.

SUHI map [°C]
ASTER LST 90m
24 july 2012 - 12:57 local time

Figure 3 — LST for the Antwerp area on 24 July 2012 at 12:57 local time, as registered by the ASTER instrument. Note that
LST is expressed with respect to the average value occurring in the image, i.e. the map shows temperature differences.
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The relationship between the LST and the features of the urban surface cover was
investigated. Care should be taken not to confuse air and surface temperature. The latter
is the kinetic temperature of the surface of the materials making up the urban fabric, as
seen by a sensor (satellite or otherwise) that captures radiation emitted by the surface.
Typically, the SUHI exhibits a very strong pattern during the day, with values that may
reach 50°C or more over certain surfaces, and thus can contribute strongly to the radiant
heat load experienced by humans.

Through the Earth Remote Sensing Data Analysis Center (ERSDAC), a number of cloud-
free images acquired during the summer were selected. Only daytime images were
found, which is unfortunately somewhat limiting. The best satellite image (least
contaminated by cloud) was then selected for analysis. This image is identified as
“ASTL1A 1207241057201207250294 51.3988 4.5116 2012-07-24T10:57:20Z”, which
includes the latitude and longitude of the centre of the image in decimal degrees. The
date is 24 July 2013, and time information (last part of the identifier) is given in UT,
whereby 10:57 UT corresponds to 12:57 local time.
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Figure 4 — Detail of the surface temperature map shown above for 24 July 2012.

Figure 3 shows the ASTER LST image. The heat island effect of Antwerp is clearly
present in the image, the city being warmer by several tens of °C compared to the rural
surroundings, which are mostly covered by vegetation. The harbour area also stands out
distinctly as a local hotspot. The concerned areas consist mainly of large, open industrial
terrain, with large asphalt or concrete surfaces, and roofs covered by dark roofing
material, all elements that contribute to higher LST values. However, within the urban
core of Antwerp, near the centre, a triangular area characterized by lower temperatures
can be identified (Figure 4) at the position of the Stadspark (the major urban park in
central Antwerp).

Figure 5 shows the LST data extracted from the satellite image over a transect including
values for the Stadspark. This graph was constructed based on two different ASTER
thermal satellite images, showing a high degree of consistency between both images.
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From this image, it becomes clear that the LST values in the park are up to 15-20°C
cooler than in the surrounding densely built-up areas.
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Figure 5 — LST values from a transect through the city of Antwerp from south-west to north-east, crossing the Stadspark.
The black and red lines correspond to different satellite images.

4.1.1.2 Land-use change experiments

A series of localized land-use change scenarios was run with the UrbClim model for
Antwerp in order to assess the impact of different land-cover categories, in particular
those involving urban vegetation, on the UHI magnitude and the number of HWDs, both

for current and future climate conditions.
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Figure 6 — The land-use scenario map of Antwerp (left) and the location’s original land-use types of the changed areas
(right). The reddish colours correspond to urban land use, dark green is used for forest and urban park vegetation, bright

green for agricultural land (crops and pasture), and blue for water.
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Since the city of Antwerp is mainly concerned with the expansion of the urban areas and
the implementation of green areas in the city core, the scenario was limited to these
particular changes.

The resulting land-cover change scenario maps (Figure 6) show the location of the
changed areas, which include large and small changes distributed over the area, both
close to and far from the city centre. New urban, suburban and industrial areas are
added. Urban greening is limited to the city centre itself, where small to large parks have
been added. Of course, land use is only one of the input parameters, and the new areas
need values for the other parameters as well. Instead of using only one typical value per
land-use type, VITO’s researchers opted to give each changed grid cell the parameters
of a randomly chosen grid cell from the corresponding land-use type. In this way, the
changed areas have a realistic range of parameter values, from which many statistics
can be obtained. The drawback of this method is that the result looks a bit spotty,
especially for the vegetation cover and soil sealing.

Firstly, the impact from land-use changes in the UrbClim model has been assessed. This
was done by considering the effect of the changes over 20-year periods (1986-2005 and
2081-2100) on the average daily mean, maximum and minimum temperatures for the
summer period (June-August), as well as on the annual mean number of HWDs, a good
indicator for changes in the extreme values.
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Figure 7 - Differences between the reference situation and the scenario for the period 1986-2005 for the average daily
minimum temperature (left) and average daily maximum temperature (right).

Figure 7 and Figure 8 show the difference between the reference and the land-use
change scenario simulated for the periods 1986-2005 and 2081-2100.

It is clear from these figures that, when considering averages, the effects are limited to
the location of the land-use changes, and do not have an impact on the wider
environment. Furthermore, the magnitude of the effect is rather limited, with mean
temperature changes up to 1.5°C for large urbanized areas and —-0.4°C for parks.

The effect is larger (up to 2°C and -0.5°C) for the daily minimum temperatures. It should
be kept in mind that the mean night-time UHI intensity of Antwerp city centre is around
3°C, so in that regard the changes are certainly not negligible. The impact on the number
of HWDs is comparable, with changes up to 1.5 and -0.3 days, as compared to average
city centre HWD values of around 2.
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Regarding the simulations of future conditions, the effect of the land-use changes on the
average temperature values is almost exactly the same as for the current period (so is
the UHI). The effect on the number of HWDs is much larger, but the projected number of
HWDs for the city centre at the end of the century rises to around 20, so the relative
effect is comparable to that of the present day.

In conclusion, urbanization has an effect of up to 2°C on the average temperatures in
UrbClim, which is consistent with reported measurement and modelling studies. This
may not seem much, but it is significant with respect to the average UHI effect of around
3°C. The construction of (large) parks in the city centre brings local cooling of up to
0.5°C, which is lower than what is reported in the literature (effects up to 1.5°C) and
further demonstrates the need to include shading effects in UrbClim in order to highlight
the benefits of green infrastructure.
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Figure 8 — Differences between the reference situation and the scenario for the period 2081-2100, based on the full set of
General Circulation Model (GCM) simulations.

Initially, the idea was to look for simple relations between the amount of soil sealing
and/or vegetation cover change and the corresponding temperature effect, which could
be useful to generate rule-of-thumb estimates. Unfortunately, clear associations could
not be obtained; correlations were found to be low. However, when also considering the
initial land-cover types, an interesting effect became apparent: in areas characterized by
a low roughness length (grassland and cropland), much larger temperature effects can
be expected than in areas with higher roughness lengths (forests and urban parks).
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Figure 9 - Relation between the change in soil sealing and the daily minimum temperature for the three types of

urbanization, classified according to the original land-use type.

When considering Figure 9, it would appear that the type of urbanization (conversion to
dense urban, suburban or industrial land use) does not matter much for the maximum
temperature reduction effects that can be achieved within each original land-use class.
Therefore, and in order to have a larger number of data points, all the urbanization data is

taken together to define the relationships.

In Figure 10 and Figure 11, the relation between the temperature effect and changes in

soil sealing or vegetation cover are explored for each initial land-use class.
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Figure 10 — Total urbanization — relation between the change in soil sealing and the daily minimum temperature for all

urbanized grid cells, classified according to the original land-use type.
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The coefficients of determination are relatively high, especially for the soil sealing
changes, which means these relations are robust and could be used to quickly estimate
the expected effect of land-use changes. This data can be built upon by adding more
from other land-use change scenarios, and comparisons between the different cities can
be made. Finally, a similar experiment was done for the conversion of the urban area to
urban green (Figure 12). However, in order to keep the change scenarios realistic, the
number of resulting data points was necessarily limited, which led to relations with a
smaller coefficient of determination.
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Figure 12 — Greening - relation between the change in soil sealing (left) or vegetation cover (right}) and the daily minimum
temperature for all greened grid cells.

In conclusion, this experiment enables the evaluation of whether a large park has an
additional temperature effect compared to a small park, as parks were created with
different surface area sizes and comparable changes in land-cover (all from dense urban
to urban green) and vegetation cover (all grid cells from nearly 0% to almost 100%).

0.5

045
04 *

®

0,35

0,3

025

0,2

0,15

Area mean temperature effect [°C]

0,1

o 2 4 6 8 10 1z 14 16 18
Area [grid cells]

Figure 13 — Adding urban green — relation between the area surface size of new urban green and the area mean effect on
the daily minimum temperature.
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When calculating the area mean temperature effect for all parks (Figure 13), it is clear
that the large park (1 km?) creates an additional cooling effect of 0.1°C compared to the
small parks (0.06 km?). This means that when cities envisage optimal city-wide cooling
results, it is better to create one big park than several small ones.

Most probably the same is true for urbanized areas (i.e. enhanced warming effect in large
urbanization projects), but since the urbanized areas are too heterogeneous regarding
their original land-cover and vegetation and soil sealing changes, this cannot be
evaluated.

4.1.1.3 Impact of city-wide vegetation abundance of UHI intensity modelling with
UrbClim

This section describes an analysis of the impact of land-cover changes, in particular
those related to changes in the amount of vegetation, on simulated air temperature
patterns.

A sensitivity study was conducted, considering overall vegetation abundance in the city
as a driver, taking Antwerp during the summer of 2011 as a study case. This study first
considered the reference situation, using the actually observed vegetation fraction cover
patterns (obtained from a satellite vegetation index). Subsequently, the same simulation
was run, changing the amount of urban vegetation by setting a lower limit of 60% on the
vegetation cover occurring in the domain.

It should be noted that this is a rather drastic change compared to the reference
situation, in which the vegetation within the urban core on average reaches around 20-
30%. However, the goal of this exercise is not to evaluate a realistic adaptation measure,
but rather to set limits to what can be maximally achieved by greening the city. Note that
the analysis focuses on night-time (midnight) temperatures as (1) the UHI effect is
strongest at night, and (2) there are indications that nocturnal temperatures, even though
lower than daytime values, are more determinant when it comes to the impact on human
health [5].

Figure 14, presents the results from this sensitivity study, showing that an increase from
approximately 20-30% to 60% vegetation cover in the city lowers the temperatures by
around 0.6°C (from 18.5°C to a bit less than 18°C). This may appear low, given that the
“total” UHI intensity amounts to about 2.5°C (difference between the urban value of
around 18.5°C and the rural darkish blue of approximately 16°C), and one would hope
that increasing vegetation from 20-30% to 60% would lead to a larger temperature
benefit.

However, one should keep in mind the roughness effect. Indeed, while the cooler rural
areas (blue colours) exhibit temperature values of around 16°C, the rural forest areas
around the city reach 17°C (yellow-green). In relation to this, the drop in temperature of
0.6°C brought about by a relative change in vegetation of 30% (from 30% to 60%) is
rather consistent. The reason why the forested areas are comparatively warm at night
(compared to e.g. grassland areas) is that over rough surfaces, vertical mixing is
enhanced so that night-time temperatures do not descend as low as over flat and
smooth areas.

As a conclusion to this exercise, it is fair to say that greening the city does have an
impact, but to a limited extent only, as the city’s roughness limits nocturnal cooling.

Consequently, it is not possible to achieve a very large reduction in the UHI intensity,
unless the urban roughness length is also reduced.
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Figure 14 — Vegetation cover for July (left) and average midnight temperature in the period May-September 2011 (right), for
the reference situation (upper panels) and for a situation with enhanced urban vegetation (lower panels).
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Of course, an important caveat is to be accounted for here. Indeed, by only considering
air temperature in the characterization of the UHI intensity, certain impacts of vegetation
on heat stress, such as the fact that vegetation creates a shadow during the daytime,
were ignored, thus contributing to reduced human exposure to heat. However, to
account for such effects would require the use of detailed 3D urban canopy models,
which are fraught with other types of limitations, such as their inability to cover the whole
city (computational restrictions generally limit the use of such models to domain sizes of
a city quarter at best).

Elsewhere in this report, such high-resolution models that also account for radiative
effects are used to investigate these effects in more detail.

41.2 Paris
The next sections present the mesoscale analyses for the city of Paris.

4.1.2.1 Regression-based sensitivity analysis modelling with UrbClim: air temperature
versus green areas

This section looks at the UHI intensity of an urban park zone versus the nearby built-up
areas. This analysis was done for the area of Paris (France), using both in-situ
measurements and modelling results for the (extended) summer (May-September) of
2003. This particular period is characterized by a wide range in temperature conditions,
with daytime maximum temperatures in the area as low as 12°C on some days in May,
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and reaching just short of 40°C on the hottest days during the first half of August of that
year.
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Figure 15 — Study domain centred on the city of Paris. The colour pattern shows the night-time (22:00 UT) 2-m temperature
field averaged for the period May-September, as simulated by the model described in this section.

The observations used are synoptic meteorological data contained in the archives of the
National Climatic Data Center (US), from which data was acquired for one urban and one
rural location in the Paris region (see station positions in Figure 15). The Paris-Montsouris
station (WMO code 071560) is taken as representative for urban climate conditions. It is
located at approximately 48.81°N and 2.33°W, which is inside Montsouris Park near the
centre of Paris. This roughly square park measures approximately 400 m on a side, and
the station is positioned within the park more than 100 m from the nearest edge.
Therefore, the representability of this location for urban conditions is to be taken with
caution. The Melun-Villaroche station (WMO code 071530) is located at a position of
48.61°N and 2.68°W, which is near a small airfield 8.5 km north of the centre of Melun,
which itself is 35 km from the city centre and 20 km from the outskirts of Paris. It is
located in the middle of agricultural fields and grassland, several kilometres from the
nearest human settlement, thus constituting a representative rural station.

The analysis conducted here is based on hourly 2-m air temperature observed at both
stations during the period 1 May to 30 September 2003. Based on this data, a time series
of hourly UHI intensity by taking the temperature value of Paris minus that of Melun have
been constructed. While the observations from the two stations yield relevant insights,
they obviously contain limited spatial information. More importantly, the station used for
urban conditions is limited in its representation of the UHI intensity of Paris as it is
located inside a park. Given the well-known cooling properties of urban green areas, this
presumably underestimates the actual UHI intensity in the city’s built-up zones.
Therefore, it is necessary to look towards numerical modelling to complement the
observation-based results described above.

A simulation for the larger Paris area for the period May-September 2003 was conducted
using the prognostic urban climate model described in [105]. This model is composed of
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a surface energy balance scheme coupled to an atmospheric boundary layer model [78].
The approach is a prognostic one, i.e. starting from an initial state, the model calculates
subsequent temperature fields for soil, vegetation and urban substrate, and the overlying
air. The main outcome consists of hourly raster files containing relevant climatic
quantities such as 2-m air temperature. A particular aspect of this model is that the
surface energy balance scheme is constrained through a data assimilation procedure,
which uses remotely sensed thermal infrared imagery together with a so-called particle
filter (sequential Monte Carlo) approach [106]. The remote sensing infrared imagery was
taken from the MODIS archive containing LST values derived from 1-km brightness
temperature imagery (both day- and night-time) acquired by the MODIS instruments on
board the TERRA and AQUA satellite platforms. The raw imagery was corrected for
atmospheric and surface emissivity effects, as described in [107]. The specification of
the required terrain parameters is done based on digital raster files containing CORINE
land-cover, distributed by the European Environment Agency. The spatial distribution of
vegetation abundance is estimated using the MODIS NDVI. Large-scale meteorological
conditions are accounted for by forcing the model with external fields of relevant
quantities, such as temperature, wind speed vector components and humidity, from the
ERA Interim archive of the European Centre for Medium-Range Weather Forecasting
(ECMWF). Also, the initial soil temperature and volumetric moisture content are specified
from this source.
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Figure 16 — Observed (symbols) and simulated (solid line)} mean diurnal cycle of the UHI intensity between Paris-
Montsouris (urban park) and Melun-Villaroche for the period May-September 2003. The dashed line shows the non-
adjusted simulated value, which corresponds to fully urban conditions.

Downwelling short- and long-wave radiation, which is required as an input for the surface
energy balance scheme, is specified from geostationary METEOSAT satellite imagery,
which is distributed by the Land Surface Analysis Satellite Applications Facility (Land
SAF) of Européische Organisation fiir meteorologische Satelliten (EUMETSAT). Further
details regarding the urban climate model, required input data and results of validation
cases are available in [105,107,108].

The urban climate model was run for the wider Paris area, on a domain covering 100 km
x 100 km, at a spatial resolution of 1 km. While this resolution is a constraint imposed by
the spatial resolution of the MODIS 1-km satellite imagery, it would appear that for a
large city such as Paris, this level of spatial detail is capable of providing an overall
temperature pattern at the scale of the wider agglomeration.

Obviously, as in any model, the urban climate model relies on a series of simplifying
assumptions. In order to create confidence in the simulation results, validation of 2-m air
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temperature was conducted by comparing simulated values with observations from the
two meteorological stations (Paris-Montsouris and Melun-Villaroche) described in the
previous section. In fact, rather than validating the urban and rural temperatures
separately, the validation concentrated on the urban-rural temperature increment,
because this is the main interest here.

However, the spatial resolution (1 km) used in the modelling approach is problematic
when it comes to comparing simulated temperatures with observed values. Indeed, as
mentioned above, the urban observations were taken from a station located inside a
park. Given the park’s dimensions (around 400 m diameter), its surface area occupies
only around 16% of a model grid cell, or less if it is located within different adjacent grid
cells. In order to account for this discrepancy, a simple method was designed to adjust
the simulated temperatures for the presence of vegetation so as to establish a better
level of comparison with the observations done in the park.

For this method, hourly temperatures were simulated for the grid cells containing the
positions of the two meteorological stations. For the urban station, the hourly simulated
temperature of the eight surrounding grid cells was also extracted, thus yielding a total of
nine simulated urban temperature values for each hour of the concerned period. With
these temperatures, nine hourly UHI intensity time series were calculated by subtracting
the concurrent rural values. For each individual hour, a regression was done between
hourly UHI intensities and the percentage of impermeable surfaces, using the values for
the nine neighbouring grid cells. The resulting regression coefficients were then
employed to extrapolate the simulated central (i.e. at the urban station’s position) UHI
value to conditions of zero per cent impermeable surface, to mimic the conditions in the
park.

These adjusted temperatures were averaged for each hour of the day for the whole
period to yield a mean diurnal cycle for the period May-September 2003. Figure 16
shows the result obtained from the simulated and adjusted temperatures, together with
the corresponding observed values. The magnitude of the error bars is 0.4°C, which is a
value based on the intercomparison of nearly co-located thermometric measurements
obtained at a few locations [78,109]. Error statistics were calculated for the simulated
(against the observed) UHI intensity values, yielding a mean absolute error of 0.66°C, a
correlation coefficient of 0.79, and a bias of —0.49°C.

More importantly, the mean diurnal UHI intensity representative of fully urban conditions
was also calculated using the regression relations between the hourly UHI intensity and
the abundance of impermeable surface in the neighbourhood of the urban station, but
extrapolated towards a fully (hundred per cent) impermeable surface. The result is shown
in Figure 16 as a dashed line, and the difference with the solid line is a measure for the
effect of the park on the UHI cycle. This result reveals that, throughout most of the day,
the park exhibits roughly half the UHI intensity of the surrounding dense urban zones,
thus confirming the potential of urban green space as a relevant climate adaptation
measure.

4.1.3 Delhi
The next section presents the mesoscale analysis for the city of Delhi.
4.1.3.1 The impact of vegetation abundance on land surface temperature

The effect of urban vegetation on remotely sensed LST for the city of Delhi was analysed.
Figure 17 shows the land-cover layout of the wider Delhi area, based on the land-cover
categories contained in the World Urban Database and Access Portal Tools (WUDAPT)
classification (see www.wudapt.org).
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Figure 17 — Land-cover map for Delhi and surroundings, base year 2015. The land-cover categories are those of the
WUDAPT classification.

The analysis is done based on two quantities, NDVI and LST.

Here, the NDVI based on reflectance by the MODIS instrument on board the TERRA
platform was observed as an average for the month of February 2015. Figure 18 shows
the NDVI patterns in the Delhi area, with low values over the city and higher values (i.e.
more vegetation) around the city.
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Figure 18 — Average NDVI (left) and LST (right) for the Delhi area, February 2015.
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The LST used here is also taken from MODIS-TERRA imagery. It actually employs the so-
called top-of-atmosphere brightness temperature, which yields an underestimation of the
actual LST as well as of the actual temperature range, but otherwise it is a relevant
indicator of surface temperature.

Figure 18 is the LST map for February 2015, and it immediately shows that the urban
portions of the domain exhibit higher LST values.

From the NDVI/LST pair of images it is immediately clear that an inverse relation exists
between the two, i.e. areas with sparse vegetation cover exhibit the higher temperatures,
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and vice versa. This is visible even in smaller structures, such as in the quasi-linear
feature extending in the upper-right corner of the images contained in Figure 18.
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Figure 19 — Regression line between the observed LST (denoted Tb, in K) versus the NDVI for Delhi, February 2015.

The further analysis is straightforward: a regression line linking the LST linearly to the
NDVI has been calculated, as shown in Figure 19.

This regression analysis quantitatively confirms the inverse relationship between both
quantities, with a slope of around 5°C between the bare (NDVI = 0) and greener (NDVI ~
0.4) portions of the domain. The correlation between both quantities in the considered
situation amounts to r = 0.67.

To end this section, it should be noted that the LST should not be mistaken for the air
temperature.

In most results reported so far (e.g. deliverables D4.1, D4.2), air temperature has been
used to characterize the UHI effect. Nevertheless, the LST is also a very relevant quantity
that has a strong impact on the exposure of humans to heat stress.

4.2 Microscale case study cities

At the microscale, two case study cities, Antwerp and Bilbao, have been analysed by
VITO and NTNU/TECNALIA respectively. The work was performed in collaboration with
the respective municipal administrations.

4.21 Antwerp

For the city of Antwerp, a series of in-situ and mobile (car) measurements were
conducted to provide evidence of the impact of urban green on temperature. This
section presents the results of these measurements.

4.2.1.1 In-situ measurements

In order to assess the effect of urban green, several stations in and near Antwerp were
used: one in the centre of the city, one at a rural location near Antwerp, and a third one in
the city’s main centrally located park, called the Stadspark.

For the in-situ measurements, an air temperature sensor of the highly accurate RTD type
(PT1000) was used, housed in an actively ventilated radiation enclosure (43502 Aspirated
Radiation Shield, Young Model type} (Figure 20).
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RURAL: Bio farm at Vremde

51.16600833 N, 4.54864722 E

This station is located 10-15 km from the centre of Antwerp in the
community of Vremde, in an open grassland area more than 150 m
away from the nearest buildings.

URBAN: Koninklijk Lyceum Antwerpen

51.208525 N, 4.41022778 E

Located on the roof of a minor building in a large school yard, 10 m
from the nearest wall.

URBAN PARK: Stadspark
& | - 51.21164444 N, 4.412361111 E
gt £ i This station was mounted in the Stadspark, south of the centre of the
Ai & park, near a lake and surrounded by a mixture of grass and trees.
&l

) i &0

o
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Figure 20 — The stations for the in-situ measurements in Antwerp.

Under maximum radiation exposure (1,000 Wm incident solar radiation), the difference
between air temperature in the enclosure and the ambient temperature is limited to a
maximum of 0.2°C. All temperature measurements were done at a height of 1.8 m, but
may commonly be referred to as “2-m air temperature”.

The data, which was acquired during the summer of 2013 (from 10 July to 11 September)
(Figure 21), was analysed with respect to the average diurnal cycle of the urban-rural
temperature difference, using the data from the bio farm in Vremde as a baseline, i.e. the
curves show the temperature for a given station minus the values recorded in Vremde.

The urban station exhibits the strongest average UHI intensities, with values below 1°C
during the day and exceeding 3°C at night. The alleviating effect of the park is evident
from the green curve (Stadspark): during the day, the UHI effect nearly vanishes, and
during the night it is between 2°C and 2.5°C, i.e. slightly more than 1°C below the value
recorded at the urban (Lyceum) station.
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Average day 10-Jul-2013 - 11-5ep-2013 -Bnrgerhnut
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Figure 21 — Mean diurnal cycle of observed air temperature with respect to the rural station of Vremde. Borgerhout and
Lyceum are central urban stations. Stadspark is a station in an urban park location, Polderdijkweg is in the harbour area,
and Deurne (KMI) is at the local airport. For this review, we focus on the stations Lyceum (urban station) and Stadspark
(urban park location). The width of the bands is a measure for the statistical uncertainty of the observations.

Another way of assessing these data, perhaps more relevant in the context of heat stress

exposure estimates, is to consider the number of nights (out of the total of 63) during
which the temperature did not drop below 18°C or 20°C.

The threshold of 18°C is related to the nocturnal minimum temperature used in the
definition of a heat wave day in Belgium, and the second (20°C) is often referred to as
that defining a “tropical night”.

Table 4 — Mean UHI statistics for the urban and urban park stations, separately for daytime (10-18h local time) and night-

time (22-4h). The two rightmost columns give the number of nights with minimum temperature values exceeding the
thresholds of 18°C and 20°C respectively.

UHI night mean # nights T.,, > # nights T, >

Station Site type UHI day mean (°C) ¢C) Tmin=18°C Tmin=20°C
Lyceum urban 0.74 2.94 13 6
Stadspark urban 0.06 1.85 9 2
Bio farm rural - - 2 0

Table 4 gives an overview of the mean and maximum UHI intensities for the urban and
urban park locations. Note that the UHI effect is very small at all locations during the day
and much higher at night.

The central urban location (Lyceum) exceeded the 18°C and 20°C nocturnal thresholds
on 13 and 6 days respectively, the Stadspark station recorded 9 and 2 days respectively,
and the rural location exceeded the temperatures on 2 and 0 days respectively.

4.2.1.2 Mobile measurements

In addition to the fixed in-situ measurements, measurements were conducted using a
mobile platform, consisting of a car equipped with a number of sensors, including
actively and passively ventilated temperature sensors, as shown in Figure 22.
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Figure 22 — Actively and passively ventilated temperature sensors, mounted on the car used as a mobile platform. The
actively ventilated shield is powered by the car battery’s 12 V connection. In the analysis below, we only use data from the
actively ventilated measurements.
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NMEA
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FGPRMC, 103940.000,4,5102 0360, N,00346.4046.E.1.85,80.16, 1706812, /34

FOPVTG,60.16,T. M 185,N.3 4,153

FGPZDA,103941.000,17,08.2012, 757

FGPGGA,103941.000 5102 0572.N,00396.4051,E.1.04.8.451 4. M7 3.M, 0000°SE
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Figure 23 — Scheme of the data-processing system.

The measurements were acquired during the afternoon and evening of 4 September
2013, a late summer day with daytime maximum temperature values near 29°C.

An actively ventilated sensor shield was preferred, in spite of the high “natural”
ventilation rate normally experienced by a sensor on a moving car, for the reason that at
times the car is forced to stop (e.g. at traffic lights), which could thus adversely affect the
accuracy of the measurement at those particular times. Temperatures from the HOBO
temperature sensors were synchronized with data from the GPS receiver so as to obtain
an accurate positioning of each measurement. The processing chain of all the data is
graphically depicted in Figure 23.
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As the daytime measurements revealed little or no spatial variation in the air temperature,
further focus was on night-time values. However, in contrast to expectations, it turned
out that the passively ventilated measurements were the preferred ones. Indeed, it
turned out that the natural ventilation caused by the car was more than adequate most of
the time. The potential drawback of reduced ventilation when the car had to stop was
compensated for by the fact that the passively ventilated system appeared to have a
much reduced response time, which enabled much better spatial accuracy. Therefore,
only the passively ventilated measurements are used in the further analysis.

The cooling rate was also compensated in order to give the duration of the trajectory of
typically one hour, combined with the fact that during this time period an overall cooling
rate of the order of 1°C was estimated. It is important to correct for this, as otherwise the
final stretches of the trajectory would appear to be miraculously cooler for the wrong
reason (i.e. not related to any landscape feature). Consequently, the background cooling
rate was corrected for by adding a temperature increment proportional to the elapsed
time.

Mobiele metingen Antwerpen Mobiele metingen Antwerpen
Transsect 04/09/2013 Transsect 04/09/2013
Vremde -> Haven Vremde -> Haven

19:17 - 20:21 (UTC+02:00) 19:17 -> 20:21 (UTC+02:00)
HOBO U23 - 2ext - Corrected HOBO U23 - 2ext

® 2460-25.16 2654-26.84 ® 2460-25.16 2654 -26.84
® 2516-2564 2684-27.18

® 2554-2601 @ 27.18-27.48./

FT2601-2628 ® 2248-27.77

2628-2652® 2777-28.14

g g pe 19:49
/ oPoldclquwrg S Olueh!bal Y

< f : 19:45
\undrc:ht ‘ : .
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Figure 24 - Temperature over the trajectory run on 4 September 2013. The right panel is zoomed in on the Stadspark
(triangular area in the middle).

The car was driven along a trajectory starting at the bio farm (rural) station at 19:17,
crossing the entire city up to the harbour area (arrival there at 20:21), passing near the
Stadspark in the process. The temperature variation over this trajectory is shown in
Figure 24, clearly displaying the urban-rural temperature gradient. More importantly for
this report, the cooling effect of the Stadspark stands out very clearly, with temperatures
1-2°C lower than those in the nearby densely built urban zones.

4.2.1.3 Microscale modelling

Microscale simulation experiments were conducted on Groenplaats city square. This
large square, located in the centre of the city of Antwerp, is currently in a re-design
project phase, and the municipality of Antwerp is currently investigating alternative
spatial designs involving additional green infrastructure. The simulations, commissioned
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by the city of Antwerp, were conducted in order to assess the benefits of the trees on
local thermal comfort experienced on the square and its surroundings.

Figure 25 — The Groenplaats (green square) in Antwerp, the cathedral looming in the background.

The microscale urban climate model ENVI-met model (version ENVI-met 3.0) was used
[52], which enables calculation of the fine-scale 3D fields of wind, temperature, radiation
and humidity.

To configure the model domain, several GIS-type digital maps (made available by the city
of Antwerp) were used. The large-scale base map contains the contours and height
information of the buildings in the city, and an aerial photography-based digital map
provides detailed information regarding the position of individual green elements (trees)
in the city. Both data elements were merged in a model domain configuration map, as
shown in Figure 26. The model had to be configured for the wider area enclosing the
Groenplaats, while at the same time yielding sufficient spatial detail for the Groenplaats
itself. This resulted in the domain containing 200 x 200 horizontal grid cells, at a spatial
resolution of 2 m, yielding a domain of 400 m x 400 m. With respect to vertical resolution
in the domain, the presence of Antwerp’s 120-m high cathedral constituted a major
constraint, requiring a relatively high model top of 300 m.

Fortunately, ENVI-met enables the use of a telescopic grid (i.e. it can deal with a variable
vertical grid size), and therefore we defined a vertical discretization with a fine resolution
(1 m) near the ground, the resolution decreasing with height. As a result, the required
large vertical extent of the model domain could be set up with a limited nhumber of grid
nodes (vertical model levels). The ENVI-met model can accommodate different types of
material to compose the ground surface. This study used the “pavement” (concrete tiles)
type, which abounds in this portion of the city. As regards vegetation, most of it
consisted of trees between 6 and 10 m in height. In ENVI-met, this is represented by tree
type “T1”, which is a deciduous tree 10 m high, with the base of the crown 2 m above the
ground. Finally, as no details were available regarding the building materials in the
domain, the default building parameters available in ENVI-met were used. Heat stress
was calculated for a particular day, 24 July 2012, which was characterized by 2-m air
temperatures of approximately 28°C at 13:00 local time, a relative humidity of 30%, and a

32



RAMSES Project (Grant Agreement n° 308497)

light breeze (2 m s') from the south-east. This was certainly not an extremely hot day;
indeed, analysis of available climate data for Antwerp revealed the temperature to be
close to the 95 percentile value, meaning that on average, a summer would have five
days warmer than 28°C. Therefore, this day can be taken as a representative warm
summer day for Antwerp. Heat stress was quantified through the PMV.

Results of the ENVI-met simulation expressed in terms of the PMV are shown in Figure
27. When considering the maximum PMV occurring throughout the day, the entire
simulation domain exhibits values in excess of 2, except in some small courtyards that
are shaded. Large portions of the domain exhibit values of 4, which represents
“extremely uncomfortable” conditions. The trees on the Groenplaats are seen to locally
reduce the PMV to values between 2 and 3, largely thanks to the shadow they cast.

Figure 26 — The model domain used for the Groenplaats assessment. The Groenplaats itself is the large rectangular area in
the middle of the domain. The grey shapes correspond to buildings, and trees are indicated in green.

Figure 27 — Average (left) and maximum (right) PMV values on 24 July 2012. Notice the different ranges used in the colour
scale.

4.2.2 Bilbao

The study on the city of Bilbao was conducted by NTNU and TECNALIA in collaboration
with the municipality of Bilbao.

The municipality of Bilbao is revising the General Masterplan for the city, introducing
recommendations by using green infrastructure to mitigate the risk of heat waves in
hotspot areas of the city.
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The work consists of two parts:

e comparative analysis of green actions to improve outdoor thermal comfort inside
typical urban street canyons of three urban areas of Bilbao mostly affected by the
risk of heat wave [110]; and

e generalization of the first part of the work analysing the effects of orientation,
aspect ratio, ground surface material and vegetation elements on thermal stress
inside typical urban canyons.

The following sections present the most relevant outcomes of the study.
4.2.2.1 Green actions to improve thermal comfort in typical urban canyons

The first part of the study conducted in Bilbao consists of a comparative analysis of
green actions to improve thermal comfort at pedestrian level in typical urban canyons by
studying different greening scenarios.

The simulated scenarios include the current situation (S0}, the reconversion in pedestrian
streets (S1), testing different green infrastructure, such as grass (S2), grass and trees
(83), green roofs (84), and combinations of these (S5 and S6) (Figure 28).

LA p D, A AD /7-—’: b
S0 S1 S§2 S3 S4 S5 S6
Initial Pedestrian Grass Grass + trees Green roofs Grass + | Grass + trees +
green roofs green roofs

Figure 28 — The scenarios of greening mitigation actions analysed in the city of Bilbao.

The evaluation was performed in three urban street canyons characterized by different
aspect ratios: a height/width (H/W) ratio of 1.3 “compact low-rise” exemplified by Casco
Viejo, H/W ratio of 1.5 “compact mid-rise” exemplified by Abando/Indautxu, and H/W
ratio of 3.5 “open-set high-rise” exemplified by Txurdinaga.

These urban areas were the hottest in the city of Bilbao [61]. Their urban features are as
follows:

e Compact low-rise (i.e. Casco Viejo). buildings are generally residential and
commercial blocks of four to six stories and mostly attached one to the other. The
area is typical of the historical area of the city, characterized by high density and
narrow streets. No green areas are present.

e Compact mid-rise (i.e. Abando/Indautxu): buildings are generally seven to ten
stories high. It is a typical residential and commercial high-density area in the city
centre with attached buildings. Streets are mostly narrow with one traffic lane and
parking lanes, but wider avenues of four traffic lanes are also present. Green
areas are scarcely present.

e Open-set high-rise (i.e. Txurdinaga/Miribilla): buildings are generally high-rise
housing blocks with more than nine stories. Open spaces and green areas are
common around the buildings.
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Compact low-rise Compact mid-rise Open-set high-rise
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Figure 29 — The analysed urban canyons with the position of the receptors (red dots), trees’ location, distance between the
trees (D1) and foliage coverage of the trees always maintained equal to 30%. Receptors are selected points inside the
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building density), Abando/Indautxu (medium urban building density) and Txurdinaga (low urban building density).

Twenty different scenarios have been evaluated. Using ENVI-met (version ENVI-met 4.0},
the spatial and temporal distribution of the meteorological parameters in the selected
urban canyons of Bilbao have been simulated. A Fortran matrix was used to calculate the
thermal indices of mean radiant temperature, relative humidity, wind speed and PET.

The central part of the ground surface of the street was covered by 30% of grass in order
to reproduce the concept of the Rambla: a tree-lined pedestrian promenade typical of
Spanish cities.

In the compact mid-rise and open-set high-rise urban areas, the decorative red brick
stones today replace the asphalt: the streets are converted into pedestrian promenades
and they are totally or partially closed to ordinary traffic with use limited to local
residents and service and emergency vehicles.

Therefore, both soil asphalt and decorative red brick stone have been tested in compact
mid-rise and open-set high-rise urban areas.
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The vegetation elements were designed as follows: (i) 50 cm of grass in the central part
of the street covering 30% of the total surface of the width of the street, (ii) green roof
with 50 cm of grass, and (iii) trees with a height (H) of 5 m in all urban areas, while the
width of the crown (W) was modelled in line with the street width (W). It was setto 1.5 m
in the compact low-rise building, 3 m in the compact mid-rise building and 6 m in the
open-set high-rise building. The distance between the aligned trees (D1) was set equal to
4.5 m in the compact low-rise building, 9 m in the compact mid-rise building and 18 m in
the open-set high-rise building (Figure 29). These settings allowed us to maintain a
constant ratio of foliage coverage (D1/W,) equal to 33% in all urban areas

In the typical selected districts, the urban street canyons are mainly oriented as follows:
24° north-north-east in Casco Viejo; 17° north-north-east in Abando/Indautxu; and 9°
north-north-east in Txurdinaga/Miribilla (Figure 30). Therefore, the orientations of the
models have been set according to the specific prevalent orientation of the urban
canyons of the districts. The height of the building and the width of the street were fixed
according to the aspect ratio of the urban street canyons.

The analysed scenarios were run on 6th and 7th August in order to simulate the typical
summer day conditions in Bilbao. The hourly meteorological data on 7th August 2010
was considered as a representative day of the regional meteorological conditions that
affect Bilbao urban areas in summer [111]. The weather data used as input in order to
represent the evolution throughout the day was provided by the meteorological station of
Deusto located in the northern part of the city at 3 m above sea level (latitude 43.28N,
longitude 2.93W) [112].

The study quantitatively confirms that vegetation elements such as grass, green roofs
and trees improve the thermal comfort at pedestrian level.

Thermal comfort is assessed using the PET thermal index.

Scenario S2 - Effect of grass

In scenario 82, 50 cm of grass in the central part of the street covering 30% of the total
surface of the width of the street has been set for all the analysed urban areas.
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Figure 31 — The profiles of PET for scenarios S1 and S2 within the central part of the Urban Canopy Layer (UCL) at 1 m
height considering the different aspect ratios: H/W=3.5 compact low-rise, H/W=1.5 compact mid-rise and H/W=1.3
open-set high-rise.
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The presence of grass in the central part of the urban canyon gives benefits in terms of
reducing the surface temperature and the mean radiant temperature; it also contributes
to reducing the PET level.

The benefits in terms of heat stress reduction are lower in all urban areas since the PET
level is lower than in the pedestrian scenario (S1): the presence of grass leads to a
reduction of heat stress from the moderate (29°C < PET < 35°C) to the slightly warm level
(23°C < PET < 29°C), with a reduction of 3.17 °C in relation to S1. However, from the
analyses, it is clear that the presence of grass has a benefit for all urban canyons (Figure
31).

The highest PET reduction occurs by combining the presence of trees and grass, which
can lead to a reduction of about two PET thermophysiological assessment classes
during the daily maximum values.

Scenario S3/S6 - Effect of the grass and trees

The cooling effect of the trees was calculated comparing scenario S3 (presence of trees
in the urban canyon) with scenario S1 (no trees).
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Figure 32 - The profiles of PET in scenarios S1 and S3 within the central part of the UCL at 1 m height considering the
different aspect ratios: H/W=3.5 compact low-rise, H/W=1.5 compact mid-rise and H/W=1.3 open-set high-rise.
According to the simulations, the presence of the trees gives a local benefit to the area
covered by their shadow due to their geometry (height, shape and width of the crown)
and the density of the crown. The highest thermal benefit happened in the central part of
the urban canyon (Figure 32), where the lowest thermal benefit in terms of PET level has
been registered. By comparing this with the initial scenario (S0), the highest reduction of
PET level is equal to 4°C in all urban areas. The same benefits were noticed in scenario
S6 where the presence of trees and grass is combined with the presence of green roofs.

Scenario §4/55/S6 — Effect of the green roofs

The analyses demonstrate that the thermal benefit of green roofs on high temperatures
at the pedestrian level is very low. The reduction is nearly absent in the compact low-rise
case, while in the compact mid-rise and open-set high-rise urban areas, there is a
maximum reduction of PET of around 1°C.

Table 5 summarizes the results of all simulations and scenarios.
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Table 5 — Average values of the peak values of PET, Wind Speed (WS), Mean Radiant Temperature (T}, Relative Humidity
(Hr) and Surface Temperature (T,). Data extracted along the urban canyon in all scenarios.

Scenario PET [°C] Tor [°C] T. [°C] T.[°C] Hr [%] WS [m/s]
S1 39.23 66.67 34.35 23.22 72.6 1.42
S2 35.01 58.09 24.35 23.16 72.8 1.38
S3 32.53 51.70 22.95 23.21 73.2 1.33
Compact low-rise
sS4 39.10 66.95 34.05 23.30 731 1.32
S5 35.00 58.00 24.45 23.25 733 1.31
S6 32.29 51.64 23.05 23.25 73.6 1.24
S0 32.99 60.98 34.25 24.21 72.5 3.10
S1 34.72 65.67 31.75 23.97 72.5 3.10
S2 31.76 61.10 26.45 23.73 735 2.76
Compact mid-rise S3 28.73 57.83 22.85 23.59 73.7 2.15
S4 33.68 65.46 31.05 23.78 72.0 3.48
S5 31.51 61.33 26.65 23.68 72.9 3.11
S6 28.08 50.55 23.95 23.42 73.0 2.45
S0 29.91 61.53 36.85 22.95 67.6 4.23
S1 31.53 65.94 33.75 22.88 67.6 4.23
S2 28.37 55.91 24.95 22.91 68.6 3.79
Open-set high-rise S3 26.79 50.37 23.65 23.02 69.4 3.20
S4 30.30 65.76 33.15 22.61 65.9 4.41
S5 27.34 56.15 24.95 22.58 66.3 4.16
S6 25.85 45.29 22.45 22.75 68.1 3.07

4.2.2.2 Effect of the street’s finishing materials

The reconversion of an ordinary vehicle traffic road into pedestrian boulevards has
become a typical transformation intervention in compact mid-rise and open-set high-rise
urban areas of Bilbao during the last decade. The asphalt ground is usually replaced with
decorative red brick stones and the streets are totally or partially closed to motor traffic
in order to create dedicated pedestrian fluxes and public urban spaces (Figure 33).
Service and emergency traffic and resident access are still allowed. In contrast, in the
compact low-rise urban area, such as the historic centre, the traffic was limited to local
residents, and service and emergency vehicles a long time ago. The ground surface of
the street is entirely covered by decorative red brick stone (S1). Therefore, scenario SO
for compact low-rise urban areas has not been considered.
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Figure 33 — (From the left) Visualization of pedestrian boulevards in the area of Abando/Indautxu (compact mid-rise, e.g.
Lutxana Kalea, Ercilla Kalea) and Miribilla (open-set high-rise, e.g. Indautxu Kalea and Santiago de Compostela Kalea).
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The conducted analyses in the compact mid-rise and open-set high-rise urban areas
gave significant results in terms of reduction of PET level. In both urban areas, the two
different ground materials asphalt and red brick stones, have been tested. The data
shows how the ground materials’ different albedo (0.12 for asphalt and 0.30 for red brick
stone) affects the surface temperature (Ts,) the mean radiant temperature (T..) and
consequently the PET. During the peak period, the T increases by more than 10°C, while
the T, increases by more than 3°C.
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Figure 34 — Typical PET trend — compact mid-rise.

This phenomenon is strictly linked to the ratio aspect (H/W) of the urban canyon and to
the orientation of the district.

The T, results are higher in the pedestrian scenario with decorative red brick stones than
when using asphalt. The biggest difference between the two finishing materials is equal
to 2.52°C at 15:40 in the compact mid-rise urban areas, while in the open-set high-rise
the difference reaches 3.13°C at 15:50. Furthermore, the results for the T, for the two
finishing materials are higher in the open-set high-rise than in the compact mid-rise
district. This is due to the longer duration of the peak period: the ground remains
exposed for half an hour more in the open-set high-rise given the geometry of the UCL.
Furthermore, the trends of the T, demonstrate that the temperature of the ground in
asphalt increases and decreases more quickly during the daytime and night-time.
Regarding the T, the red brick stone scenarios come out with higher values than the
scenarios with asphalt. This is due to a combination of two reasons: on the one hand,
wind speed is influenced by the aspect ratio of the urban canyon but on the other hand,
urban geometry conditions are affected by solar radiation inside the UCL. Thus, heat
accumulation (i.e. T, and T} is influenced not only by solar radiation but also by wind
speed. The T, and the T,,, consequently affect the values of thermal comfort: during the
peak period, the difference between the two materials is more than 1.5°C in both urban
areas (1.73°C in the compact mid-rise and 1.63°C in open-set high-rise). Despite all the
values being within the moderate warm level of heat stress, the differences between the
two urban areas are quite significant. Therefore, the PET results are higher in the
compact mid-rise than in the open-set high-rise.

4.2.2.3 Effects of orientation, aspect ratio, ground materials and vegetation on thermal
stress inside typical urban canyons

The second part of the study tested the benefits of the green elements using a
parametric analysis in the urban canyons that have been analysed in the first part.
Specifically, the purpose of this part of the work was to generalize the outcomes in order
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to provide recommendations for urban greening strategies, not only for consolidated
urban areas but also for development of new districts. The analyses were conducted
using ENVI-met on typical summer day conditions (7th August), considering the four
standard orientations (i.e. E-W, N-S, NE-SW and NW-SE) and the various aspect ratios
(H/W). The PET index in 40 different scenarios has been evaluated. The benefits of
planting grass and trees in urban canyons were studied according to the following

scenarios:

(i) Mitigation 01: the height of the trees was set equal to 5 m and the height of the

grass equal to 10 cm (Table 6);

(i) Mitigation 02: the height of the trees was proportionally set to the height of the
analysed urban canyons. Therefore, the ratio Hyee/Hoanyon = 0.25 was
maintained constant (Table 7); and

(iii) Mitigation 03: the height of the trees was maintained as in the previous
scenario, while the width of the tree was proportionally set to the width of the
analysed urban canyons. Therefore, both ratios Hyce/Hcanyon = 0.25 and
Wiee/Woanyon = 0.3 were maintained constant (Table 8).

All these settings were tested for each standard orientation.
Table 6 — Settings for mitigation 01
Mitigation 01 — Trees of the same height — 5m
Urban canyon Ground
Urban area (height/width) material Grass Trees Hiree/ Heanyon Wiree/ Weanyon
Compact ) B5-Tree 5m;
[ 16 m /4.5m (3.5) Brick 10¢cm crown full of leaves 0.31 0.44
Compact ) P1 - Platanus 5m;
mid-rise 24 m/16m (1.5 Brick/Asphalt 10cm crown full of leaves 0.20 0.12
Open-set ) P1 — Platanus 5m;
high-rise 40m /33 m (1.3) Brick/Asphalt 10¢cm crown full of leaves 012 0.06
Table 7 — Settings for mitigation 02
Mitigation 02 - The height of the trees were set in order to maintain a constant ratio: Hyee/Hcanyon= 0.25
Urb .
Urban area (hreig?] J;Tg&? Soil Grass Trees Hireo/Heanyon Wiree/ Weanyon
Compact low- 45 ) /1 5 m (3.5) Brick foem  Al-Treedm; 172 0.95 0.3
rise without leaves
Compact ) A2 -Treeom; 1/2
R 24m /16 m (1.5) Brick/Asphalt 10 cm without leaves 0.25 0.12
Open-set ) A3 -Tree 10m; 1/2
high-rise 40m /33 m (1.3) Brick/Asphalt 10 cm without leaves 0.25 0.06

Table 8 — Settings for mitigation 03

Mitigation 03 — The height and the width of the trees were set in order to maintain constant ratios: Hyee/Hcanyon= 0.25

Wtree/W canyon™ 0.3

Urban canyon

Urban area (height/width)

Sg;ﬂpac" low-" 46 m /a.5m (3.5
21?;"2::" 24 m /16 m (1.5)
Sigﬁf:izzt 40m /33 m (1.3)

Sail

Brick

Brick/Asphalt

Brick/Asphalt

Grass

10cm

10cm

10cm

Trees Htree/ Hcanyon
A —.Tree4m; 1/2 0.95
without leaves
P6 — Platanus 6m
height and 5m width; 0.25
1/2 without leaves
P2 — Platanus 10 m
height and 11 m width; 0.25

1/2 without leaves

Wtree/W canyon

0.3

0.3

0.3
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4.2.2.4

First, the current initial situation was analysed (S0) and then the effect on thermal stress
by replacing asphalt with decorative red brick stones for the ground finishing material
was calculated (S1).

Impact of urban density, geometry, orientation and aspect ratio of UCL

The most important aspect that consistently affects the peak of PET, its duration and the
period of thermal discomfort (PET > 23°C) at the pedestrian level is the orientation.

The results of the worst orientation (45° NE-SW) demonstrate that the highest level of
thermal stress (PET > 41°C) has been reached in all urban districts, even if the intensity
of the peaks is extremely different from one area to another (Table 9). Another relevant
aspect that has to be observed is the shifting and the duration of the peaks’ intensity as
well as the duration of the thermal discomfort (PET > 23°C) within the UCL, which varies
consistently in each urban area due to the orientation of the district.

Table 9 — Values of peaks, duration of the intensity of peaks and duration of thermal discomfort (PET > 23 °C) within the
analysed urban areas at the pedestrian level (data corresponds to the location with the highest PET value).

Compact low-rise Compact mid-rise ) Open-set high-rise _
Level of heat stress — PET H/W = 3.5: Ground in brick H/W = 1.5; Ground in | H/W = 1.3; Ground in
Current initial situation (S0) - asphalt asphalt
24° NE-SW | 45° NE-SW 17° NE-SW | 45° NE-SW | 9° NE-SW | 45° NE-SW
Intensity of peaks °C 39.23
2 hours
Durati f o th 1 hour 1 hour 2 hours gohoyrst e and i 20 iohoprst el
uration o e ] minutes minutes minutes
intensity of peaks fE gro{g-ql 44l groré-e,(; sl ifro1n%.433.40 (from 14:40 | (from (from 14:30
2 1840 2 16eeD) 2 1EA0) to 17:00) 13:30  to | to 17:10)
15:50)
2 hours
Duration of thermal ! hogrs and 11 hours 6 hOWS and 10 hqurs and and 20 10 hours
discomfort Time | 2OMINUIES | qom  ggipp | 1O Minutes | SOminutes 1 minutes e 040
(PET > 23 °C) (from 11:40 t 20:20) (from 12:00 | (from 09:50 | (from t 20:10)
to 19:00) to 18:10) to 20:20) 13:30 to
15:50)

The difference between compact low-rise and open-set high-rise urban areas is quite
consistent, given that the PET goes from strong (35°C < PET < 41°C) to moderate heat
stress (29°C < PET < 35°C). The peak values coincide with the presence of direct solar
radiation.

The duration of the peak’s intensity is different in each urban canyon due to the
orientation and the aspect ratio (H/W). The both factors contribute on the intensity of
thermal stress and shift the peak period and the influence of solar radiation within the
UCL. In this specific case, by analysing the intensity of the heat stress and the duration
of the peak period, it is notable that the highest value of PET level is reached in the
compact low-rise urban areas.

The comparison of the worst situation (45° NE-SW) with the actual situation using the
most prevalent orientation of the street of the three selected urban areas studied in the
first part showed that the PET increase peaks consistently as well as the duration of
thermal discomfort during the day (Table 9).

For example, during a one-hour peak in the compact low-rise, from 2:40 pm to 3:40 pm,
the temperature is around 40°C, within the range of strong heat stress (35°C < PET <
41°C) at the pedestrian level. This is caused by the aspect ratio of the UCL and the
presence of low wind speed (average values 1.3 m/s). In the compact mid-rise and open-
set high-rise, the maximum level of heat stress is moderate.

However, the peak values between the two urban areas has a difference of more than
3°C and the duration of the highest intensity of PET is shifted by half an hour.
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While in the compact mid-rise the duration of the peak is from 1:40 pm to 3:40 pm, in the
open-set high-rise it varies from 1:30 pm to 4:00 pm. This is mainly caused by the
influence of solar radiation that remains over 750 W/m? for the entire peak period.

The registered wind speeds in both urban areas are higher than in the compact low-rise
urban areas: the average values are equal to 2.74 m/s in the compact mid-rise and
3.74 m/s in the open-set high-rise. In the compact mid-rise and open-set high-rise urban
areas, the PET level remains over the limit of neutral heat stress only during the peak
period, while due to the aspect ratio and the orientation, in the compact low-rise the
duration of thermal discomfort within the UCL at pedestrian level persists for more than 7
hours (from 11:50 am to 7:00 pm), while in the worst scenario (45° NE-SW) it lasts for 11
hours.

Regarding scenario S1, as has been demonstrated in the first part of the study, using the
decorative red brick stones increases the PET value by more than 2°C in both compact
mid-rise and open-set high-rise urban areas (Table 10). However, the duration of peak
intensity and the period of thermal discomfort (PET > 23°C) remain the same in
comparison with the initial scenarios (S0) in all urban areas.

Table 10 — Average values of maximum PET level, calculated considering all 14 receptors in the UCL for different aspect

ratios (H/W = 3.5 in compact low-rise, H/W = 1.5 in compact mid-rise and H/W = 1.3 in open-set high-rise) and orientation.
All scenarios with ground in brick have been considered (data corresponds to the location with the highest PET).

S1 pedestrian scenario Compact low-rise Compact mid-rise Open-set high-rise
Reconversion in pedestrian | H/W = 3.5 H/W =15 HW=13

street with ground in brick 24° NE-SW | 45° NE-SW | 17° NE-SW | 45° NE-SW | 9° NE-SW | 45° NE-SW
Intensity of peak of PET [°C] [189.28

4.2.2.5 Cooling effect of combining grass and trees

Analysing the peak values for all the urban areas, the highest thermal stress is present
for the NE-SW orientation. For this orientation, the heat stress remains at the extreme
level (PET > 41°C). Therefore, the outdoor comfort within the urban canyon at the
pedestrian level is uncomfortable during most of the day.

Only in the open-set high-rise urban areas does the PET decreases from extreme heat stress (PET is equal to almost 46°C)
stress (PET is equal to almost 46°C) to strong heat stress (PET reaches 40.6°C). The lowest peak values are reached in the
lowest peak values are reached in the NW-SE orientation in all urban areas. The level of thermal comfort in the urban

thermal comfort in the urban canyon improves for the N-S and W-E orientations. It passes from moderate (initial scenario)
passes from moderate (initial scenario) to slightly warm level in compact mid-rise and open-set high-rise urban areas (

open-set high-rise urban areas (

Table 11).

However, for the urban canyon in proximity of the trees, the thermal benefit is higher due
to the presence of the vegetation elements.

For example, in the compact low-rise, the results demonstrate that locally at the centre
of the urban canyon the PET for the NE-SW orientation passes from the extreme (PET
equal to 52.9°C in the initial scenario) to the strong level (PET reaches 40.4°C in
mitigation 02/03 scenario) and the reduction is more than 12°C. The lowest peak values
are reached in the NW-SE orientation. The heat stress in this specific orientation varies
from strong (PET reaches 31.9°C in the initial scenario) to slight (PET is equal to 27.2°C in
mitigation 01/02/03). In the compact mid-rise urban areas, at the same point, the PET
level passes from the extreme (PET level is 49.4°C in the initial scenario) to strong level
(PET reaches 37.3°C in mitigation 03) and the reduction in terms of temperature is more
than 12°C. The lowest peak values are reached in the NW-SE orientation. In analysing
the daytime period, the level of heat stress decreases from slight (PET is 29°C in the
initial scenario) to neutral (PET reaches 26.9°C in mitigation 03) thanks to the mitigation
effect created by the presence of grass and trees.
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Table 11 — The maximum value of the PET considering all receptors in all different mitigation scenarios.

Peak values of PET in all urban areas for different mitigation effects — all receptors

) ) - Mitigat_ion 01 Mitigation 02 Mitigation 03
Urban areas Orientation Initial (Trees wlth same (Huee/Heanyon= 0.25) (Hwee/Heanyon= 0.25
height) Wiree/ Weanyon= 0-3)
N-S 35.33°C 32.53°C 33.40°C 33.40°C
finesw  seerc  aseec  amrc  aare
@ NW-SE 32.94°C 30.92°C 31.59°C 31.59°C
W-E 33.67°C 30.32°C 30.97°C 30.97°C
N-S 33.47°C 32.53°C 33.66°C 32.33°C
5 wesw seve  asavc  ss¥e  save
@ NW-SE 29.20°C 27.51°C 27.41°C 26.13°C
W-E 33.18°C 30.34°C 31.70°C 29.87°C
: - N-S 31.70°C 30.54°C 31.55°C 30.43°C
it S NEsw 480¥C  433C  mMsc 4361C
2 NW-SE 30.20°C 28.57°C 29.50°C 28.02°C
W-E 31.57°C 30.44°C 31.03°C 30.32°C
N-S 30.84°C 28.89°C 29.27°C 28.32°C
% | nesw  |EEECHI 4o0.83°C S <0.39°C
@ NW-SE 27.01°C 25.53°C 26.86°C 25.47°C
W-E 31.66°C 28.77°C 29.17°C 29.35°C
N-S 29.19°C 28.98°C 29.21°C 28.50°C
e ;‘i ne-sw  ([ESESGI 0.98°c S sost°c
2 NW-SE 26.43°C 25.10°C 26.57°C 25.00°C
W-E 29.98°C 28.84°C 29.64°C 28.39°C

In the open-set high-rise, the same local effect gives the highest thermal stress for the
NE-SW orientation, where the PET level goes from extreme (PET level is 48.2°C in the
initial scenario) to strong (PET reaches 32.8°C in mitigation 03) and the reduction in terms
of temperature is more than 15°C. Also in this urban area, the lowest peak values are
reached in the NW-SE orientation. The thermal stress in this specific orientation varies
from moderate (PET level is 25.8°C in the initial scenario) to neutral (PET reaches 22°C in
mitigation 03).

The results of the highest peak values of PET within the urban canyons in all urban areas for different mitigation scenarios
for different mitigation scenarios are summarized in

Table 11.

The results demonstrate that the level of PET depends on the aspect ratio of the urban
canyon. In particular, the PET varies from extreme to slightly warm thermal sensitivity,
which corresponds to the highest heat stress in the compact low-rise urban areas to the
slight heat stress in the open-set high-rise ones (Figure 35). However, the PET values can
reach the neutral level of heat stress locally in some parts of the urban canyons in the
NW-SE and W-E orientations in compact mid-rise and open-set high-rise urban areas.
The urban density and aspect ratio (H/W) of the urban canyon influence thermal stress at
the pedestrian level. For example, in the compact low-rise urban areas, the morphology
of the urban canyon, characterized by narrow width of the street, contributes to
maintaining the PET level over the threshold of extreme heat stress. In fact, in this urban
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area, despite the reduction of PET by more than 7°C in relation to the initial scenario, the
highest PET peak has been registered.

Compact low-rise (Brick) Compact mid-rise (Brick) Open-set high-rise (Brick)

NN .
45 \”"_‘ \ * \
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E 35 o N
30 - A e —
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Initial Mitigation ~ Mitigation ~ Mitigation Initial Mitigation ~ Mitigation ~ Mitigation Initial Mitigation  Mitigation  Mitigation
effect 01 effect 02 effect 03 effect 01 effect 02 effect 03 effect 01 effect 02 effect 03
==¢= North-South —o— North/East-South/West
—— North/West-South/East West-East — — = Limit of Neutral heat stress

Figure 35 — Trend of the peak values of PET for all the mitigation effects in the different urban areas - all receptors.

One of the most important aspects that came out from the analyses is that the mitigation
effect given by the presence of vegetation elements, such as trees, is locally limited and
it strongly depends on the shape of the trees and the foliage’s crown density. The choice
of tree type is one of the most important decisions to make, given their influence on the
thermal comfort within the urban canyon. Another important aspect that influences the
thermal stress in the urban canyon is the wind speed at the pedestrian level. Figure 36
shows a summary of the peak values of the wind speed in all scenarios for the different
urban areas and mitigation strategies. The results demonstrate that the wind speed
depends on the aspect ratio of the urban canyons, their orientation and the presence of
vegetation. It can vary from 0 m/s in the compact low-rise urban areas, when the
orientation is NE-SW with respect to the incoming flow, to around 7 m/s in the open-set
high-rise (orientation NW-SE).

In the second part of the study, it is possible to better understand the effect of the wind
speed on thermal stress comfort within the urban areas. Figure 36 clearly shows how the
presence of trees has a relevant contribution to decreasing the wind speed: the
reductions can reach more than 2.00 m/s, as happened in the compact mid-rise and
open-set high-rise urban areas (orientation NW-SE), while in the compact low-rise urban
areas, the wind speed remains practically constant even with the presence of trees, due
to increasing the street roughness parameter.

Compact low-rise; H/W=3.5 Compact mid-rise; H/W=1.5 Open-set high-rise; H/W=1.3
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Figure 36 -Wind speed trends in the different urban areas characterized by specific geometry of the urban canyon (ratio
height/width of the urban canyon: compact low-rise equal to 3.5, compact mid-rise equal to 1.5 and open-set high-rise
equal to 1.2).

Figure 37 — (From left) Visualization of the green mitigation actions in compact low-rise, compact mid-rise and open-set
high-rise urban areas.

5 Discussion

In response to extreme heat events like the one of summer 2003 in Europe, urban
planners and city authorities have been attempting to find mitigation scenarios to
improve the living conditions for local inhabitants. Usually city planners use green
surfaces, highly reflective building materials and a changed building geometry as tools to
reduce the effects of heat.

Results from the case study cities can offer decision support to local authorities for a
sustainable urban development and contribute to climate research through improved
models dealing with urban environments.

5.1 Urban planning recommendations at the mesoscale

Specific urban planning strategies, like green roofs and park areas, have been studied for
the cities of Antwerp, Paris and Delhi. This section presents, the most relevant results
related to the conducted analyses on the case study cities will be presented.

5.1.1 Antwerp

The analyses show that the heat island effect in Antwerp is present in some hotspot
areas in the city, where they are warmer than the rural surroundings as well as the
harbour area.

The conducted analyses demonstrated that the effects of green areas are limited to the
parts of the city where they are implemented and do not have an impact on the wider
environment. The magnitude of this effect is rather limited at the city scale. The
conducted analyses on the Stadspark area demonstrated that a high cooling effect is
created by the park. However, this effect is strictly limited to the park area and the
nearby urban zone.

Therefore, one of the recommendations regarding greening strategies is that the
presence of large parks in the city centre brings local cooling. Large parks are definitely
preferable to small parks: one big park provides a higher cooling effect than many small
ones. This recommendation has to be taken into account when the objective is
exclusively the maximization of the cooling effect of the area, even if this effect remains
substantially circumstantial around the park itself. However, the presence of smaller
parks, where access is easier for people, might be important for local cooling spots
during heat wave events. This aspect underlines the importance of having a local
presence of vegetation in built-up areas. In fact, locally also where there are small parks,
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it reduces the human exposure to high temperature thanks to the shadow area created
by the vegetation during the daytime.

The possibility to increase the vegetation cover from around 20-30% to 60% provides a
small reduction in terms of heat wave intensity. However, its cooling benefit is more
diffuse than the one created by the presence of the park.

Another aspect that could contribute to limiting the nocturnal cooling effect of the city is
the roughness length: the higher the roughness of the city, the lower the reduction of UHI
intensity.

51.2 Paris

The analyses conducted in Paris demonstrated that the UHI intensity of an urban park
zone exhibits roughly half the UHI intensity of the surrounding dense urban zones, thus
confirming the potential of urban green space as a relevant climate adaptation measure.

Therefore, this study also confirms that the presence of urban parks reduces the UHI
intensity, even if the benefit remains strictly localized in the area of the park and its
immediately nearby areas.

5.1.3 Delhi

The conducted analyses on urban vegetation abundance in the city of Delhi have shown
that an inverse relation exists between areas with sparse vegetation cover which present
higher temperatures, and vice versa.

This quantitatively confirms the results obtained in the city of Antwerp in which the
presence of larger green areas are preferable given the higher cooling effect in
comparison to several distributed green spots.

5.2 Urban planning recommendations at the microscale

The simulation analyses and the on-site measurements conducted at the microscale in
the cities of Antwerp and Bilbao have led to some recommendations that will be
presented in the next sections.

5.21 Antwerp

The results comparing the in-situ measurements conducted in summer 2013 during the
diurnal cycle with the data from the bio farm in Vremde confirmed the thermal benefit
given by the presence of the Stadspark within the city. The park leads to a reduction in
the effect of the UHI during the day, while during the night it remains constantly lower
than in the nearby urban areas. However, in all monitored urban areas, from the urban
station to the one located in the rural environment, it was quantitatively confirmed that
the UHI effect results are lower during the day and higher at night. The strongest average
UHI intensity was registered in the urban station.

Another relevant indication of the cooling benefits of the presence of the Stadspark in
Antwerp is that it helps reduce the number of UHI events. In fact, the humber of nights
that exceeded the limit of nocturnal minimum temperature for a heat wave in Belgium
were reduced by more than half in the urban areas.

The mobile measurements distinctly show the cooling effect of the Stadspark and how
its benefit is extended to the nearby densely built urban areas.

Finally, the analyses conducted in Groenplaats square in the centre of Antwerp showed
the importance of planting trees in large urban environments. In fact, the trees reduce the
PMV values due to their shadows. However, this benefit remains local to the area in the
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shadow of the trees. Therefore, urban furniture such as benches should be placed in
suitable positions in order to exploit the benefits of the trees as much as possible.

5.2.2 Bilbao

The intensity of cooling in terms of PET reductions and their spatial extent differed
distinctly between the various vegetation measures. Vegetative measures, which were
applied inside the street canyons such as tree-lined streets, had a noticeable cooling
effect at the pedestrian level.

The case study of Bilbao demonstrated that the tree-lined streets provided a cooling
effect within the urban canyon both in terms of PET reduction and local spatial extent.
The strongest reductions of 10°C in air temperature were found inside and specifically
under the tree crowns.

The effect of the green roofs on PET in the street canyon was also noticeable but
relatively small compared to the presence of grass and trees. In the centre of the street
canyons, the cooling effect from a green roof was not found in compact low-rise urban
areas, whereas it had low influence in the street canyon of compact mid-rise and open-
set high-rise (< 1°C). However, for perpendicular or oblique winds, the cooled rooftop air
may get entrained into the street canyon and result in noticeable PET reductions. More
analyses are necessary in order to study this effect.

The combination of all vegetative measures (trees, grass and green roofs) showed the
largest impact on the PET level.

Tree-lined streets are preferable to green roofs because their overall cooling effect is
much greater due to their larger vegetation volume and foliage density. In particular, tree-
lined streets composed of tree species with tall and broad crowns appear very promising
due to the large vegetation volume and leaf biomass inside the canyon. The study clearly
showed that the cooling effect was in general locally restricted to within close vicinity of
the trees.

From the conducted analyses, it is also evident that urban parameters such as
orientation and aspect ratio (H/W) of the urban canyons have a considerable influence on
thermal comfort at the pedestrian level. They consistently influence the intensity of the
PET level, its duration during the day and the period of thermal discomfort (PET > 23°C)
at the pedestrian level.

It is also important to specify that the results presented in the first part of the study are
valid for compact low-rise, compact mid-rise and open-set high-rise urban areas that
have the same orientations and the same aspect ratio of the analysed urban canyon of
the city of Bilbao. Therefore, the results are strictly related to the analysed districts
located in specific parts of the city. In that sense, it is relevant to underline that each city
is characterized by specific prevalent wind, and each part of the city has a proper
orientation and aspect ratio. However, the methodology for evaluating the cooling effect
created by the presence of vegetation, and how the orientation and the aspect ratio
could affect the thermal comfort at the pedestrian level of urban canyons could be
replicated in different cities.

Another relevant recommendation relates to the thermal effect created by the installation
of different finishing materials for the ground. For example, in Bilbao, the increased
intervention to convert streets into pedestrian promenades by replacing the asphalt with
decorative red brick stones increases the values of T, and T5 and consequently the PET
level at the ground level.

The results also demonstrated that the aspect ratio and the presence of vegetation
consistently influence the wind speed values at the pedestrian level and consequently
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the thermal benefits in all urban areas. In this sense, has to be underlined that the
presence of trees decreases the wind speed in the compact mid-rise and open-set high-
rise urban areas, while in the narrow urban canyons as in the compact low-rise urban
areas, despite the presence of trees, the wind speed remains practically constant. In
those urban areas, the thermal benefit is still very low and localized under the shadow of
the threes. While, in the compact mid-rise and open-set high-rise the geometry of the
urban canyon characterized by higher width, contributes to maintain a higher cooling
effect created by the presence of the wind for the entire extension of the urban canyon.

Both aspect ratio and orientation were found to have a considerable influence on the
street thermal comfort in urban environment and consequently on people’s thermal
sensation. In all urban areas, for NE-SW orientation the solar radiation has the highest
impact on thermal discomfort at pedestrian level. Only in open-set high-rise urban areas
the presence of the trees could locally reduce the human thermal stress at pedestrian
level. This aspect should be taken into consideration for example during the urban
design phase for new urban areas.

This latter consideration is one of the urban recommendations carried out from the
analyses. Therefore, the municipality of the city could quantitatively and qualitatively
consider which urban interventions should be prioritized in new and consolidated urban
areas in order to guarantee thermal comfort at the pedestrian level. Future development
of the study could include an economic evaluation to estimate the financial impact of
each specific intervention.

6 Conclusion

In this deliverable, a number of urban planning strategies on a regional and district scale
have been simulated.

A general conclusion regarding the methods and the tools for UHI characterization at
different urban scales is that the multi-scale model approach could definitely offer a
plausible and sophisticated pathway for UHI and urban climate change studies. A multi-
scale approach combining mesoscale and microscale models represents a valuable
methodology for having different types of analyses for different urban scales. It could be
used for specific urban planning phases from zoning areas to urban canyon design and
to provide urban design recommendations at different levels.

One of the limits of this approach is the high computational cost. However, as numerical
modelling capabilities continue to improve for different scales and also become more
accurate, lower computational costs and easier multi-model coupling will allow for
significant improvements to nested modelling. From a practical perspective, for example,
the boundary conditions could be forced on the microclimate model using the results
from the mesoscale model. Therefore, multi-scale numerical studies that employ
dynamic downscaling represent a promising tool for climatologists, meteorologists,
urban planners, engineers and policymakers to evaluate climate change adaptation
strategies in urban areas as well as for the future simulation of pedestrian comfort
[60,113].

Although the representativeness of the case study cities is limited and has to be seen in
the light of the modelling and specific meteorology boundary conditions, the findings
suggest that applying vegetative measures inside urban street canyons can lead to
noticeable reductions in air temperatures due to their cooling effect. The use of tree-lined
streets is most promising.

The findings demonstrate that urban green areas such as parks and green infrastructure
like tree-lined streets have the potential to reduce the UHI risk locally and in the nearby
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areas. At the scale of an entire city, the effect of vegetation on air temperature appears
to be limited, unless the percentage of urban vegetation is radically (and unrealistically)
enhanced. Furthermore, when considering big parks (e.g. Antwerp), the effect on air
temperature is limited to the very nearby areas. Urban materials and land use (building
height and street aspect ratio) together with vegetation can influence urban surface
temperatures, and consequently air temperatures as well as the characteristics of UHI.

Nevertheless, vegetation on the very local scale does have a good potential as a cooling
measure, especially due to its influence on the radiation fluxes and consequently its
impact on thermal comfort.

As a result, applying vegetative measures inside urban street canyons can be a relevant
climate change adaptation strategy when designing liveable public spaces and/or
walkable areas. The vegetation elements that look more promising are trees, preferably
aligned, which provide local benefit, while grass can affect heat accumulation and help
to maintain an adequate surface temperature both for the street and building walls.
Additional benefits would be expected using green facades as they would reduce
building energy consumption. This aspect is due to be studied in upcoming projects.
Finally, the data has shown that the benefits of green roofs on thermal comfort at the
very local scale are negligible.
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