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Abstract

The aim of this work is to give useful information to urban planners and architects
concerning the interactions between buildings and climate change on a micro-scale level,
or the so called urban heat island (UHI). Recent long term measurements from different
weather stations in Vienna are summarized and discussed to create an overview of the
spatial, daily and seasonal distribution of this phenomenon. In order to support and narrow
the analysis to a more detailed level two urban canyons are chosen for field surveys with
the aid of mobile measurements. The obtained data serve as a base for the proposition of
mitigation strategies for the chosen case studies. The proposed approaches are simulated
with computational fluid dynamics software in order to predict the magnitude of potential
UHI reduction. The study confirms the importance and necessity for climate-adaptation

procedures in the building stock, building codes and urban planning regulations of Vienna.



Zusammenfassung

Das Ziel dieser Arbeit ist es, nitzliche Informationen den mikroklimatischen Wandel oder
die so genannte stédtische Waéarmeinsel betreffend, an Stadtplaner und Architekten zu
geben. Um einen Uberblick von der radumlichen, taglichen und jahreszeitlichen Verteilung
dieses Phanomens zu bekommen, wurden Kklrzliche Langzeitabmessungen von
verschiedenen Wetterstationen in Wien zusammengefasst und diskutiert. Zur
Unterstitzung und Detaillierung der Analyse wurden zwei Strallenschluchten in der Stadt
gewahlt. Untersuchungen vor Ort wurden mit Hilfe von mobilen Wetterstationen
durchgefiihrt. Die erhaltenen Daten dienten als Basis fir Vorschlage zur
Abschwachungsstrategien fur die Fallstudien. Die vorgeschlagenen Methoden wurden mit
einem numerischen Strémungsmechaniksoftware simuliert um das Ausmalf fir potenzielle
Abschwachung des urbanen mikroklimatischen Wandels vorauszusagen. Die Studie
bestatigt die Wichtigkeit und Notwendigkeit von Klimaanpassungsverfahren in dem
Gebaudebestand, den Bauvorschriften und den Stadtebauverordnungen der Stadt Wien.
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1. INTRODUCTION
1.1 Objective

The aim of this research is to ascertain the urban heat island of Vienna, to study the factors
that are influencing it and to try finding most appropriate methods for mitigating this
phenomenon. Numerous studies have been done before to define this occurrence for other
urban places all over the world (Oke 1981; Montavez et al. 2000; Ferguson et al. 2008;
Kolokotroni and Giridharan 2008). Despite the outlines that can be drawn as a conclusion
from them, a significant fact is noticed - the elements that influence micro-environment are
different according to the urban context. The factors that have a positive impact in one
place can have a negative one in another. They alter with the specific geographic location,
atmospheric conditions, urban properties and population (Oke 1987). These circumstances
evoke a demand for a deeper research of local characteristics. Once a proper description of
micro climate is drawn for the city of Vienna the correct methods can be applied to assure
rational energy management, human comfort and create a more sustainable living

environment.
1.2 Motivation

The steady growth of cities and increasing density of urban fabrics cause substantial
changes to urban climates (Oke 1981). Soil and vegetation are constantly replaced with
man-made structures, altering this way natural air-flow, surface properties, water, energy
and mass balances (Oke 1987). The phenomenon of heat island, considered to be the
result of such metropolitan developments, aggravates the situation further. lts main
properties - increased air temperatures and consequently altered air humidity levels — give
rise to an unhealthy and often pernicious outdoor environment and excessive cooling
energy use indoors. Nevertheless, through better understanding of UHI and its influencing
factors the appropriate methods for mitigating can be found and applied. Detrimental
consequences can be reduced to a minimum and habitability of cities increased.

Alleviating the main characteristic of UHI — increased temperatures - is followed by series of
benefits for urban residents and their environment (Figure 1.1). It improves outdoor thermal
comfort by reducing heat stress in hot summers and hence decreasing cases of heat-
related morbidity and mortality (Matzarakis et al. 2011). Favourable thermal environment
improves quality of life and provides people with psychological and physiological health
(Harlan and Ruddell 2011). Lowering the air temperatures also reduces the amount of

absorbed heat by urban surfaces which prolongs their life-expectancy and saves resources



on production, maintenance and disposal (Scholz and Grabowiecki 2007). Further
economic benefit of decreased outdoor temperatures is the reduced cooling energy
demand of buildings (Akbari et al. 2001). This improves their ecological performance by

reducing emissions from power plants and ameliorates the financial state of building users.

Adding of greenery and water bodies is an important mitigation method aiming mainly
reduced temperatures, reduced carbon dioxide and balanced humidity levels through the
process of evapotranspiration (Oke 1987). Trees have positive influence on the human
psyche, lower pollution levels and also can reduce the energy use in buildings providing
wind shielding in winter and sufficient shading in summer (Doshi et al. 2005).

According to OECD statistical data for 2003 the building sector — both commercial and
residential — contributed to 60% of the total net electricity consumption in these countries
(OECD 2012). The same situation is valid for developing countries as well. Additionally,
cooling electricity demand in OECD-countries increased by 13% for a period of 10 years —
1990 to 2000 (OECD 2012). These facts underline the immense necessity for change in
building energy codes and urban planning regulations, and emphasize the enormous
potential of building sector for alleviating the urban climates. That is why research on
possible mitigation strategies has a significant role in creating a sustainable living
environment. The outlines that are drawn with the aid of this study can give an important
knowledge to architects and urban planners and make them responsive and supportive in
the process of providing habitants with healthy outdoor conditions and increasing quality of

life in urban settlements.

reduced smog (ozone)

from power plants ——> less pollutants
less cooling energy monetary benefits
needed due to energy savings
improved quality of
life I
improved outdoor UHI increased life-expectancy
thermal comfort mitigation of (building) materials

l

psychological and l reduced resources for
physiological health production,
maintenance and
reduced heat stress in disposal
summer

|

reduced heat-related
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Figure 1.1 Beneficial consequences of mitigating the UHI



2. BACKGROUND
2.1 Urban heat island: state-of-the-art
2.1.1 What is UHI?

The rapid urbanization in the last decades has caused meaningful changes in urban
climates. Almost 80% of the people in the European Union are living in cities and spend
50% of their free time outdoors (Drlik 2010). Increased population density and growth of
impermeable surfaces replacing vegetated ones is related to aggravation of air quality,
increased anthropogenic heat release and series of other environmental issues. Higher
temperatures during summer periods are the reason for increased cooling electricity
demand in buildings, leading not only to costs - related problems for the users but also to
serious air pollution from power plants. These problems are causing human discomfort and
unhealthy outdoor as well as indoor conditions. That is why places with increased human

concentration require more detailed assessment.

The issues listed above are considered the main reason for the occurrence of the
phenomenon urban heat island (Howard 1818, Oke 1987, Akbari et al. 1990). This term has
gained a lot of interest among scientists in the past decades. It is described as the positive
difference between urban temperatures and surrounding rural and suburban ones. The
intensity of this occurrence is observed to be the highest in city centers, where human
concentration is higher and impermeable surfaces prevail, and decreasing to the city
boundaries. When this intensity is plotted above a city cross section the form resembles an
island, where its name comes from (Figure 2.1). The following formula is used for the
calculation of UHI intensity (UHII) in this study:

AT,.,=T,— T,[K] (Oke 1987), (2.1)

where T, is the air temperature in the urban center, and T, — air temperature in the

reference rural location.
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Figure 2.1 Cross section of a typical UHI



2.1.2 First observations

First observations about urban climate are made by Luke Howard in 1818. His
documentations from 1833 indicate clear temperature differences between the metropolitan
part of London and its rural surroundings (Howard 1833). Aimost three decades later these
interpretations are confirmed by another scientist Emilien Renou for the city of Paris. A
pioneer of this field for the city of Vienna was the biometeorologist Wilhelm Schmidt. In the
beginning of 20th century he used meteorological equipment attached to a vehicle in order
to make point measurements in the near-surface atmosphere, which became the standard

way for such measurements for the next 50 years (Mitchell 2011).
2.1.3 Causes and characteristics

The theories of these scientists point out several main causes for the formation of heat
islands in developed areas — reduced evaporation, increased heat storage and net
radiation, reduced convection and increased anthropogenic heat. These causes are
affecting the natural energy balance in different ways. The reduced evaporation for example
is caused by the lack of vegetation and the usage of impermeable surfaces in cities (Akbari
et al. 1990). According to Akbari et al. (1990) most of these surfaces have higher thermal
diffusivity values, which is the reason for increased heat storage. The authors state that a
raise in the net radiation is observed as a consequence of low solar reflectance of urban
materials, higher levels of air pollution and higher quantity of urban fabrics. Dense urban
structures are entrapping heat and slowing down wind speed that leads to reduced
convection (Akbari et al. 1990). All these factors are causing also increase in energy use
followed by higher anthropogenic heat releases. UHIs are characterized by higher air and
surface temperatures, and thermal inversions (Oke 1987). They are also observed to have
larger effects in a clear and calm, cloudless weather, when short-wave radiation can reach

urban surfaces completely unhindered (Gartland 2008).
2.1.4 Key studies

Properties of UHI and causes for its formation in different urban contexts are intensively
studied. It is concluded that effects of the same UHI reduction strategies could be positive
for one place and negative for another, depending on local topology, regional climate
conditions, human perception or the particular urban geometry and morphology situation
(Oke 1981). The surrounding micro climatic conditions should be therefore carefully

investigated, so that appropriate strategies can be assigned. An overview of different



aspects of the heat island phenomenon and approaches for its mitigation is presented in
the following sections.

2.1.4.1 Human comfort

Human thermal comfort and physical well-being depends to a larger extent on the
surrounding meteorological conditions. Extremely high temperatures for example, or heat
stress, are found to cause serious health problems and irritate already existing diseases.
Exposure in an extreme hot weather can cause heat syncope, cardiovascular stress,
thermal exhaustion or even heat stroke (Kleerekoper et al. 2012). Another consequence of
heat stress is the enhancing effect on ground - level ozone formation in cities, which is
considered to cause or worsen cardio - respiratory diseases, like for example cardio-
pulmonary disease (Kleerekoper et al. 2012). Akbari et al. (1990) show the correlation
between daily maximum ozone levels and temperatures for Los Angeles (Figure 2.2). It can
be seen from the graph that smog levels are within the acceptable range (according to
NAAQS) when temperatures do not exceed 74°F (23.33°C). Above 90°F (32.22°C) ozone
levels reach a critical stage.

As stated in many studies city inhabitants are at greater risk of mortality from ambient heat
exposure than individuals living in the surrounding rural places (Conti et al. 2005). Usually
the more vulnerable part of population — old people, people with medical conditions and
children under 5 - is affected by extreme weather conditions and UHI impact
(Shahmohamadi et al. 2011). This phenomenon keeps temperatures in hot summer at
higher levels even after sunset, when human body needs its regeneration. A severe heat
wave in European cities in the summer of 2003, that caused thousands of deaths mainly
among the elderly population, serves as an evidence for this statement and raises the
public concern about aggravation of urban climates (Conti et al. 2005). A mitigation of the
heat stress is therefore of great importance for human health and comfort. Alleviating high
summer temperatures and taking of measures against high heat accumulation in urban
structures is able to reduce heat-related morbidity and mortality risks. According to Hoyois
et al. (2007) an outdoor temperature of 17°C is put in relation with the lowest mortality.

Different thermal indices like for instance PMV (Predicted Mean Vote) or PET (Physiological
Equivalent Temperature) are developed to access and evaluate thermal environment and
energy exchange between human body and its surroundings. These indices find an
important application in rating the heat island impact on urban residents. With their help
extreme thermal conditions like extreme cold or heat stress are quantified and more easily
comprehended. PET index has nine levels of thermal perception (Table 2.1). Examples of
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Figure 2.2 Correlation between ozone levels and temperature in Los Angeles, CA, 1985 (Akbari et al.
1990)

PET values for different weather conditions are given in Table 2.2.

Mean radiant temperature is another parameter referred to human thermal comfort and one
of the most important objective dimensions for its evaluation. It is described as the “uniform
temperature of an imaginary enclosure in which the radiant heat transfer from the human
body equals the radiant heat transfer in the actual non-uniform enclosure” (ASHRAE 2001).
Humidity levels and air velocity are determinant for this dimension. Despite of the mean air
temperatures being comfortably warm, an individual may experience a great discomfort if
seated in a shaded place with very strong winds and same mean air temperatures. This is
the reason this parameter is taken into account in almost every study about human thermal

comfort.

Understanding of such parameters is very important in order to provide city inhabitants with
healthy and comfortable environment. Along with the human body the human psychology is
also affected by higher heat-loads. Hot summer temperatures aggravate quality of open
urban spaces and therefore enhance social isolation (Nikolopoulou and Lykoudis 20086).
Efficient changes in the built environment and alleviating high temperatures in summer can
increase physical activity, which also leads to improved mental health for urban dwellers
(Harlan and Ruddell 2011).



Table 2.1
PET ranges for different grades of thermal perception (Matzarakis et al. 2011)

PET THERMAL PERCEPTION
4°C Very cold

o Cold
8°C

R Cool
13°C -
18°C Slightly cool
23°C Comfortable
20°C Slightly warm
35°C Warm
41°C Hot

Very hot
Table 2.2

Examples of PET values for different weather conditions (Gulias et al. 2006)

EXAMPLES Ta[°C] Tt [°C] WS [m/s] VP [hPa] PET [°C]
Winter, sunny -5 15 0.5 2 -1
Winter, shade -5 -5 5.0 2 -13

Summer, sunny 30 60 1.0 21 43
Summer, shade 30 30 1.0 21 29

Ta— air temperature; Tt — mean radiant temperature; WS — wind speed; VP — vapour pressure
2.1.4.2 Vegetation

Human perception of comfort is often closely related to greenery (Kleerekoper et al. 2012).
Same authors underline that except for cooling down temperatures, it prevents also the
ground-level ozone formation, affects positive the human psyche, forms a habitat for fauna,
and makes cities more attractive. Adding vegetation in urbanized areas is therefore an
efficient method for alleviating heat islands. As reported by Oke (1987) this strategy
restores snow cover distribution and duration, and decreases storm water runoff — both of
them detrimental consequences from removal of vegetation. According to Kleerekoper et al.
(2012) there are four main types of urban vegetation: urban parks, street trees, private
greenery and green facades or roofs. Their effects in a non - rural environment are

described more detailed in the following part.
City parks

City parks, also known as urban forests, are vegetated areas within an urbanized
environment (Kleerekoper et al. 2012). They can vary in size, type and amount of
vegetation. Small green areas between residential buildings for example are mainly used

for relaxation of dwellers. They influence surrounding temperatures only to a limited extent




because of their small size, but are preferred for the shading opportunities and

psychological comfort. Furthermore they reduce CO, concentration (Oke 1987).

Larger green parks, often exceeding 1 ha (10 000 m?), provide urban inhabitants with place
for social interactions, sports and aesthetics, depending on the equipment of the park (Drlik
2010). The size of the area and bigger amount of vegetation affects temperatures, humidity
and CO, to a much greater degree than small residential parks. Through efficient shading
and process of evapotranspiration such landscaped areas build the so called cool islands
within the cities, where temperatures are observed to be lower (Drlik 2010). Characteristic
for cool islands is the expansion of their influence even outside the park area (Kleerekoper
et al. 2012). A study about the cooling behavior of green spaces and its extension to the
surroundings concludes that city parks can spread their cooling effect up to 200 - 300 m
from their edge during night hours throughout all four seasons (Hamada and Ohta 2010). In
the same study from August until October this extension during daily hours was even more
than 300 m, reaching a maximum difference of 1.9°C compared to non-green urban
locations. For that reason the authors suggest a rather scattered positioning of green areas.
In this way their influence can be spread wider and more parts of the city can experience
the positive micro-climate alteration. However, this beneficial impact may differ in another
urban context. Surrounding high-rise buildings or heavy traffic level may affect and diminish
the impact of a green park (Hamada and Ohta 2010).

Street trees

Another way to reduce CO, amount and air temperatures is planting trees along urban
streets. Because of their dispersion their impact on air temperatures is not as significant as
from green parks. Nevertheless, the evapostraspiration process of a tree on a sunny day is
found to cool with a power of 20 - 30 kW, which is comparable to the power of more than 10
air-conditioning units (Kleerekoper et al. 2012). Moreover, street trees control luminosity
and solar radiation, preventing it from reaching paved surfaces with high capacity of heat
accumulation. Hence long-wave radiation from pavements is reduced and so is near -

surface temperature.
Private greenery

Buildings owners can contribute to the cooling of urban temperatures through planting
additional vegetation in their private plots. Except for reducing heat stress and CO, amount
within cities, strategic positioning of shade trees and shrubs can substantially decrease
building’s energy use, and thus air pollution from power plants. Hence this method has an

enormous potential to mitigate UHIs.



Trees can affect energy use and smog directly, as well as indirectly (Akbari et al. 1990). As
reported by the same authors, urban trees directly provide buildings with shading and
reduce this way the solar heat gain through building parts. Radiant heat gain is also
decreased because of lower view factor and shading. In addition, evergreen trees prevent
the wind coming to the building and with this shielding effect they reduce the infiltration in
winter. Deciduous trees are advantageous because they allow the incoming short-wave
radiation in wintertime, and provide sun protection with their foliage in summertime.
Gartland (2008) underlines the importance of planting shade trees to the west and east of a
building, because of the lower position of the sun in the morning and evening hours.
Gartland also states, that when south-west and west facing windows are shaded with trees
the building cooling energy use can drop down by 7 to 40%. The author suggests, that trees
should be planted at least 1.5 - 3m away from the building and less than 10 - 15m, in order
to provide their maximum protection. In addition, trees to the north of a building are effective
in blocking cold winds in winter. Gartland reports further the results of a survey of Lawrence
Berkeley National Laboratory about annual cooling and heating energy savings for a typical
residential building in US. Providing that one tree is planted on the west and another one on
the south side of the house, annual cooling energy savings can reach 18%, and annual
heating savings - 2 to 8% (Figure 2.3). Nevertheless, it has to be noted, that energy savings
from shade trees are higher for residential buildings than for commercial ones (Akbari et al.
2001). The authors mention also an important detriment of some types of shade trees — the
capability to emit volatile organic compounds (VOCs). Because of this reason they must be

chosen very carefully.

Akbari et al. (1990) point out also the indirect benefits of tree vegetation. Along with the
reduced rate of outside air infiltration because of increased surface roughness and
decreased wind speeds, trees cool down ambient air temperatures through the process of
evapotranspiration. In this way they reduce heat gain of buildings. In hot summer days for
instance, trees constitute natural “evaporative coolers” using big amount of water every day
and creating the above mentioned cool islands. Buildings located near such cooler

environments have lower cooling electricity demand (Akbari et al. 1990).

Additionally to the environmental and economic benefits, tree vegetation increases the
value of properties and provides protection against floods through decreased rain run-off
water (Akbari et al. 2001). It also adds aesthetics to the urban environment and plays an

important role for the human psychology (Doshi et al. 2005).



20

15

llll

Chicago Miami Minneapolis Phoenix Pittsburgh Sacramento  Washington
DC

Energy Savings (%)
=

Wennualheating  Hannual cooling

Figure 2.3 Predicted energy savings due to planted trees on the west and south of residential
buildings (Gartland 2008)

Green facades

Another way to add greenery in cities is to cover facades with vegetation. The benefits of
that measure are pointed out in a lot of research (Ottele et al. 2011; Alexandri and Jones
2008). Besides mitigating the UHI, increasing the biodiversity and improving the air quality,
which is valid for all types of greenery, a “vertical garden” provides the dwellers also with
better acoustical and thermal insulation, and can decrease building’s energy use (Ottele et
al. 2011). The authors differentiate two main categories of vertical greening considering
their growing method: green facades and living wall systems (LWS). In the first case
climbers planted in the ground, at the base of the building, are used as vegetation type
(Figure 2.4). They can be either attached directly to the building surface, or supported by
steel cables or trellis. Vertical gardens of the second category have their own soil in
modular panels or other growing medium (Figure 2.5). They are more expensive than the
first type and constitute a higher environmental burden due to maintenance requirements,
materials production and difficulties with recycling. However, they have the advantage of
the prefabrication as opposed to green facades that may need several years to cover the
whole building surface. A disadvantage of the first category is also the limited height of

growth to a maximum of 25m.

Regardless of its type, a vegetated facade protects the building materials from overheating

in summer. Through shading and the process of photosynthesis a green fagcade catches

10



most of the sun light and this way less of it is absorbed by the building envelope. Positive
consequences are observed in both directions — outdoors as well as indoors. In the first
case reflected heat back to the surroundings is diminished and so is ambient outside
temperature. In the second case building cooling electricity demand becomes lower and
emissions from power plants are reduced. Both cases contribute to the improvement of air
quality and UHI mitigation. The same result is observed also in winter time. Evergreen
plants slow down air velocity near the building surface and decrease its convective heat
loss. Hence, less heating energy is needed. Ottele et al. (2011) calculated that the
additional thermal resistance of direct and indirect greening systems is nearly 0.09 Km2/W.
After comparing all four types of green facades listed above, it was also concluded that the

highest energy saving for heating is observed by the LWS based on planter boxes.
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Figure 2.4 Green facades (Ottele et al. 2011)
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Figure 2.5 Living wall systems (Ottele et al. 2011)
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Despite some of the negative aspects of the LCA of green facade systems, e.g. transport
and waste, greening the building envelope is always a sustainable option when considering

all other benefits that it provides.
Green roofs

Vegetating a roof surface is another opportunity to add greenery on a building. Generally
there are two types of green roofs: extensive and intensive one (Kosareo and Ries 2007;
Gartland 2008). The first type is lighter in weight with soil depth of up to 10cm. Plants
species are restricted to grasses, mosses or wild flowers that need almost no human
interference (Gartland 2008). A favorable property of these systems is that they can be
applied even to inclined roofs with slopes of up to 30°. The second type of vegetated roofs,
which constitutes a real garden, often including trees, can be used by the building
occupants or it is even accessed by the public. Its soil depth can reach 25¢cm or more and
can host much wider variety of plants than the extensive system. Because of its bigger
weight an intensive green roof requires additional load-bearing structure below, which
should be able to support the whole system even when fully saturated. This is not the case
when referring to extensive systems. They need little or often no extra support. Intensive
green roofs require higher initial costs and regular maintenance, whereas extensive ones

require almost no human intervention after the plants are established.

The principle structure of a green roof remains similar, regardless of its kind (Figure 2.6).
Both types need a growing medium for the plants and a drainage system under it. A thicker
water proofing membrane than the traditional one is installed below, and finally the roof
construction with its insulation constitutes the undermost layer of the system (Kosareo and
Ries 2007).

The positive impact of vegetated rooftops on storm water runoff, air quality and UHI is
proved in series of studies (Doshi et al. 2005, Kosareo and Ries 2007, Zinzi and Agnoli
2012). The rainfall in urban areas usually collects chemicals, heavy metals, oils and other
pollutants from the impermeable surfaces on its way to the city drainage systems. Green
roofs are a sustainable opportunity to prevent this polluted stream. An extensive green roof
for instance can capture 10 to 75% of the rainfall that normally would become a runoff

(Gartland 2008). An intensive one could capture all of the fallen rain water.

Vegetation directly influences air quality through production of oxygen and usage of CO, for

12
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Figure 2.6 Cross section of a typical green roof (Kosareo and Ries 2007)

its biological processes, as mentioned before. Doshi et al. (2005) report an urban forestry
study that found out that 2000m? of green roof area with unmowed grass could remove
around 4000kg of particulate matter from surrounding air by trapping it on its foliage. Akbari
et al. (2001) point out the potential indirect effect of plants on urban air. They claim that by
reducing surrounding air temperature and surface temperature of the roof, vegetation is
able to decrease the building peak cooling demand and consequently emissions from
power plants.

The benefits gained due to green roof treatments concerning the UHI phenomenon are
discussed by many scientists (Oke 1987; Doshi et al. 2005; Alexandri and Jones 2008).
Removal of vegetation in cities and its replacement by impermeable surfaces disturbs
natural snow cover and rain water distribution. Naturally it would be stored in the soil and
vegetation layers as moisture and this moisture will evaporate and create a cooling effect
for the surrounding temperatures. In areas, where such stored moisture is absent and water
is not able to soak through the impermeable urban covers, this evaporative cooling does
not take place. Surface temperatures remain heated and radiate this heat to the
surrounding air temperatures (Doshi et al. 2005). Therefore, installment of additional green
areas in cities, like for example on building roofs, is vital for recovering these natural

processes and alleviate heat islands.

An additional effect of vegetated rooftops is the protection against thermal and ultraviolet
degradation of the materials below (Doshi et al. 2005). The result of this is reduced
resources for production, maintenance and disposal of building materials. Further outcome
of these systems is the improvement of building energy performance (Doshi et al. 2005).
Energy savings of up to 49% were observed for both, cold and hot seasons, in a nursery
school in Athens after the application of a green roof (Zinzi and Agnoli 2012). Another

survey in Brazil, reported by Zinzi and Agnoli, indicated a reduction of 92 - 97% in the heat

13



flux through a green roof compared to a ceramic and a metallic roof. All these study cases
lead again to the conclusion that green roofs contribute to the improvement of air quality in
urbanized areas and the mitigation of UHIs.

2.1.4.3 Water bodies

Water surfaces almost completely absorb long-wave radiation from the atmosphere without
any substantial reflection or transmission (Oke 1987). The reflectivity of this natural element
is nearly 3% and it can absorb up to 80% of the radiation (Radhi et al. 2013). Because of its
high thermal capacity and the ability to evaporate at its surface, water preserves
surrounding temperatures cooler than these over engineered covers, as demonstrated by
Radhi et al. (2013) in their examination of UHI in Bahrain. They found out that temperatures
over water bodies were 2.5 — 3.5°C lower compared to these over concrete and hard
surfaces. The difference increased to almost 5°C when water and vegetation were

combined.

These properties of water serve as a prerequisite for efficient heat island mitigation
approaches. They can be used in the design of urban parks for instance. Kleerekoper et al.
(2012) point out the importance of water bodies for cooling down the air temperatures in
densely built-up areas. In their study a stronger cooling effect was identified when water
had larger surface or it was dispersed like from a fountain. It was also discovered that this
cooling effect was spread to a distance of about 30m from the water body. Accordingly,
adding of fountains in small green areas or artificial lakes in bigger city parks influences
positive the surrounding thermal environment. Smart fountain or artificial lake designs could

be used even in winter time for other purposes.
2.1.4.4 Pavements

Pavements take high percentage of land cover in cities — usually between 25 and 50%
(Gartland 2008). Typical paving materials are impermeable and dark in color. Both of these
features enhance heat islands: the first characteristic reduces evaporation and induces
storm water run-off issues, and the second one is responsible for increased absorption of
heat and its release during the day and mostly during the night. Pavements structure has
therefore a significant impact on the urban micro climate, as well as on the pedestrian
thermal comfort. Indicators like permeability, thermal conductivity, solar reflectance,
emissivity, porosity, convective heat transfer and heat capacity have to be considered for
the assessment of pavements performance. Improving these physical characteristics could

not only reduce the heat island effect but also enhance outdoor thermal comfort.
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Gui et al. (2007) report that hot pavement temperatures are one of the major reasons for
smog production. Application of paving materials with high thermal conductivity allows the
heat gain from the solar radiation at the surface to be transferred away rapidly and
consequently absorbed into the ground. Thus the conduction acts as a heat sink.
Harvesting this conducted heat energy and its utilization could be a sustainable option for
reducing the effect of UHI. Such novel approach is proposed by Mallick et al. (2009). Their
concept involves a piping system with flowing water under asphalt pavements for removing
the stored heat through convective heat transfer and using it in buildings. The computer
simulations made during the study indicated 10 to 20°C difference between surface
temperatures of conventional black asphalt and black asphalt with pipes underneath.
Another key point of the survey is the improving of overall pavement conductivity through
adding of aggregates with higher conductivity (e.g. quartzite). The authors state that if these
modifications are implemented there would be significant savings in building energy
consumption and reduction of ozone concentration, which also contributes to the mitigation

of the UHI phenomenon.

Another recent approach made by Guan et al. (2011) proposes a mixture of phase - change
materials (PCM) and asphalt aggregates to reduce the impact of surface temperatures on
the environment. The exploration showed a significant improvement of the thermo-physical
characteristics of the asphalt mixture. The thermostat effect is achieved through absorption
and release of heat with the aid of PCM.

According to Gartland (2008) pavement solar reflectance, also called albedo, and its
permeability are the properties with the greatest impact on pavements surface temperature.
Solar reflectance is discussed in detail in the next section. Examinations of the second
property are described below.

As reported by Liu et al. (2011) underground temperatures in urban areas are higher with
around 3 - 4°C, and soil moisture content is much lower in comparison to these under
suburban areas. Soil thermal properties are changed mainly because of insufficient rain
infiltration and modifications in these properties raise a concern about stability of
engineered structures (Liu et al. 2011). Hence, permeability of urban covers is a key factor
to consider when referring to UHI reduction strategies. It enables water exchange between
the ground cover and the deeper soil layers and in this way evaporation is able to take
place.

Investigations in the field of permeable pavement systems (PPS) are made by Scholz and
Grabowiecki (2007). They define permeability as the ability of water to flow through a

15



material. In their study a typical permeable pavement system is described and depicted
(Figure 2.7). Its function is to collect storm water, to store it and treat it with geotextiles
under the base of the pavement. The water is then used for recharging of groundwater.
This part of the water that evaporates serves as a cooling mechanism of the material and
the temperatures above it. The authors present also an improvement proposition for PPS.
They suggest the installment of heating/cooling system underneath the sub-base, followed
by a recycling process. The heated water could be utilized in buildings and save energy
costs. The survey shows that geotextiles help prevent the transfer of pollutants into the
base of PPS. A reduction of suspended solids by up to 64% and lean up to 79% is

observed. Nevertheless, the long-term impact of PPS on the environment is still unclear.

Porosity is another important quality of paving materials. The degree of porousness is
defined from the amount of water a material can hold (Scholz and Grabowiecki 2007).
Likewise permeable materials, the use of porous ones is found to be very advantageous for
lowering of surface and ambient air temperatures because of enabling the process of
evaporative cooling. A study by Nakayama et al. (2010) about water-holding pavements
showed an increased evaporation after rainfall leading to cooling effect. The air temperature
at 1 m above the water-holding block dropped down with 1-2°C more than that above a
lawn surface. Both types — permeable and porous systems, contribute also to better storm
water management. However, porous materials have the disadvantage to be prone to
clogging. Once their void spaces are clogged these systems have to be entirely removed
and replaced, which makes them expensive and inconvenient in terms of environmental
burden. Permeable covers are therefore preferred when considering pavements eco -

performance.

Despite the various benefits of advanced and reflective pavement systems, decision

making processes are still highly influenced by initial costs. Black asphalt requires about
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Figure 2.7 A typical permeable paving system (Scholz and Grabowiecki 2007)

16



33% less installation costs than concrete, but needs more maintenance and lasts only from
6 to 20 years, as opposed to concrete that has a life span between 13 and 35 years, tends
to support heavier traffic loads and has equal or even less life-cycle costs (Gartland 2008).
However, most developers of paving materials are not considering their LCA and prefer

instead to have lower initial costs.
2.1.4.5 Cool materials

Cities are largely covered with sealed surfaces and this aspect makes them a major factor
to study and to consider in UHI mitigation procedures. Improving their thermal performance
is found to have plenty of beneficial consequences for the micro environment. Such type of
advanced materials that have gained a lot of interest among scientists recently is cool
materials. They are mainly defined as materials with high solar reflectance and high thermal
emittance (Gartland 2008). However, the definition of “cool’” can be extended by other
properties like for instance permeable, porous or vegetated. These physical characteristics
keep material surface temperatures lower, which leads to expanded material durability. In
this way temperatures near them are also affected because of the decreased long-wave
radiation. Further, air-quality is improved due to decreased summertime urban
temperatures. Some studies about permeable and porous pavements even prove that

rougher road surfaces absorb and hence decrease traffic noise (Gartland 2008).

An essential term referred to cool materials is solar reflectance, or the so called albedo. It is
described as the ratio of reflected to incoming light and has a value between 0 and 1 -
absolute absorption and total reflection, respectively (Akbari et al. 2001). By reflecting
higher amount of the incident light instead of absorbing it, the material surface remains
cooler and long-wave radiation to the surroundings is decreased. Taha et al. (1992) for
example have studied different surface albedos and their relation to ambient air
temperatures. They reported that a material with solar reflectance of 0.61 was only 5°C
warmer than the ambient air. This difference rose to 30°C by conventional gravel with an
albedo of 0.09. Doulos et al. (2004) provide a thermal image of sample materials that
shows the essential difference between dark and light coloured materials and their surface
temperatures (Figure 2.8).

Cool materials show positive influence not only during the day but also during the night.
Oke (1987) states that at night there is no difference between high albedo surface and a
lower one, but the coolness of the lighter surface is retained after sunset. These materials
are used also for reduction of cooling energy loads in buildings which reduces the need for
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Figure 2.8 Visible and infrared image of selected materials (Doulos et al. 2004)

power generation and consequently emissions from power plants. Such characteristics of

reflective materials underline their huge potential to moderate UHI effects.

Thermal emittance of surfaces is another important feature of cool materials. Emissivity,
which is the measure of thermal emittance, is defined as the ability of a material to emit
heat to the environment (Oke 1987). Similar to surface albedo, it is a value between 0 and
1. The higher the value, the cooler is the surface. Oke (1987) provides examples of albedo

and emissivity for different construction materials (Table 2.3).

Paved and roofed surfaces typically take up to 60%, or sometimes in densely populated
cities even more, of the total urban surfaces (Akbari et al. 2009). Their material and thermal
characteristics are determinant for the micro climate. Akbari et al. (2009) estimated the
potential net energy savings from increasing the albedo of roofs from 0.1 - 0.2 to 0.6 in U.S.
cities. The cooling energy savings minus heating energy penalties accounted to 1 billion
dollars per year. Combined with increased reflectivity of pavements and the consequent air-
quality improvement, these potential savings raised to 2 billion dollars. Several approaches

for effective increase in the reflectivity of roofs and pavements are presented below.
Pavements

Determinant for cool pavements is their albedo value. It is related to pavements maximum
surface temperatures, as opposed to emissivity that is related to their minimum
temperatures. Thermal emittance is considered to have less influence on pavements
temperatures since most of the paving materials have primarily high emittance values. That
is why ongoing research focuses mostly on solar reflectance.
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Table 2.3
Solar reflectance and thermal emittance of some construction materials (Oke 1987)

SURFACE ALBEDO EMISSIVITY

Asphalt 0.05-0.20 0.95
Concrete 0.10-0.35 0.71-0.90
Brick 0.20-0.40 0.90-0.92
Stone 0.20-0.35 0.85-0.95

Wood - 0.90

Tar and gravel 0.08-0.18 0.92

Tile 0.10-0.35 0.90

Slate 0.10 0.90
Corrugated iron 0.10-0.16 0.13-0.28
Clear glass (zenith angle less than 40°) 0.08 0.87-0.94
Clear glass (zenith angle 40 to 80°) 0.09-0.52 0.87-0.92
Paint: white, whitewash 0.50-0.90 0.85-0.95
Paint: red, brown, green 0.20-0.35 0.85-0.95
Paint: black 0.02-0.15 0.90-0.98

There are several common ways to make pavements cool. Porosity and permeability for
example prevent accumulation of heat in the surface layers of a material. As mentioned
before, elevated water content allows the process of evaporative cooling and keeps surface
and ambient temperatures lower. Mixing light colored aggregates with conventional paving
materials is another way to raise their reflectivity. A paving material with typical albedo
value of 0.15 could raise its reflectivity up to 0.45 if mixed with lighter aggregate (Gartland
2008). Adding vegetation to sealed surfaces could also be an effective way to turn them
into cool. Although it is a sustainable strategy, its application is limited because of particular
use requirements. Parking lots for instance are a suitable place to apply this method.

Existing paved surfaces can also be turned into cool. They can be made more reflective by
covering them with white toppings or pigments. Currently such methods are intensively
studied, since they require less investment compared to fully replacement of pavements.
Regular cleaning is another important action to maintain reflectivity - not only of painted

surfaces, but also of conventional concrete pavements.

Akbari et al. (2001) studied the effects of changing the albedo of existing pavements in
California, U.S. The results showed that an increase by only 0.25 in the albedo can lower
the pavement surface temperature by up to 10°C. Excluding the electric power savings, the
smog savings for the city of Los Angeles from cooler surfaces are estimated to be around
360 million dollars annually. Another examination conducted by Santero et al. (2011)
concluded that if the albedo of a pavement is increased from 0.05 to 0.3 the ambient air
temperature decreases with 0.6°C.
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An important aspect when studying reflective materials is their correct application. A lot of
literature points out the advantages of high albedo materials for the decrease of air
temperatures (Taha et al. 1992; Akbari et al. 2001; Ferguson et al. 2008). Estimations of
the reduced CO, levels because of albedo changes are stating indeed very positive results.
However, only few of the existing investigations have studied the negative impacts of
reflectivity. Glare problems, reducing the visibility of white line during driving, toxicity of
white toppings and their harmful effect on the underlying soil after precipitation, increased
buildings heating load in winter or human discomfort are rarely discussed in land cover
related research. Furthermore, solar reflectance of surfaces decreases over time, because
of factors like traffic or human pollution. For these reasons alternatives of high reflective
pavements worth to be examined more detailed. Such innovative alternative is for example
the one proposed by Kinouchi et al. (2004) — a paint coating applied on conventional
asphalt that satisfies both - high albedo and low brightness. The material is less reflective in
the visible part of the spectrum and high reflective in the near-infrared (NIR) spectrum.
Experiments showed that the maximum surface temperature of the painted asphalt is 15°C

lower than that of the conventional asphalt pavement.

Another proposal is made by Wan et al. (2009). A dark colored pavement coating with high
albedo has been studied. Characteristic for the material are its NIR reflectance of 81%, low
heat conductivity of 0.25 W/mK and high emissivity value of 0.83. The studies indicated up
to 5°C lower surface temperatures for the tested coating compared to concrete slabs and

up to 17°C compared to conventional asphalt.
Roofs

Roofs of buildings are the hottest spots seen in thermal images of cities and represent
about 20% of the urban covers (Gartland 2008). Their surface temperature can reach 65 -
90°C. Cool roofing materials have two main characteristics that can mitigate the UHI — they
have high solar reflectance and high thermal emittance: over 85%.

Direct and indirect energy and smog reductions are observed after applying a cool roof as
reported in a study by Akbari et al. (2001). These effects started almost immediately by
changing the surface albedo. The results show that building energy use, affected directly,
and urban air temperatures, and thus smog, affected indirectly, are significantly decreased.
An additional benefit of cool roofs is the limited absorption of ultraviolet light due to the
lighter colour, which slows down the deterioration of materials and expands their use life.

Cool roofs provide cooling energy savings in buildings and decrease greenhouse gas

(GHG) emissions and pollution at the local level. Two commercial buildings in Hyderabad,
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India were examined to study the influence of different roof coatings on the energy
consumption (Xu et al. 2012). Both had a flat concrete roof with an area of 700m? and
experienced the same weather conditions lying next to each other — one to the west and
one to the east. The roofs were not shaded by any neighbor buildings or trees. The
investigation was divided into three phases — pre-coating from January to March, post-
coating from March to July and post-coating from August to December. In the first phase
both concrete roofs had an albedo value of 0.3. In the second phase the western building
roof was painted in white (albedo of 0.7) and the eastern one in black (albedo of 0.1). In the
third phase both roofs were coated white with reflectance of 0.7. The measured roof-
surface temperatures clearly show the huge influence of surface solar reflectance on
energy savings. The estimations indicated a potential for an annual energy use reduction of
10-19% for this particular location when a concrete roof is coated white. The GHG
emissions related to these savings are approximately 11-12kg CO,/m? of flat roof area per
year. In order to establish such conclusions for another location and building type, a lot of
field work has to be done. Influencing factors would be then also building design and

operation, occupancy, surrounding structures, etc.

In predominantly cold-weather climates the increasing of albedo can have a negative effect
on the environment, because it can increase the prevailing annual heating load. In such
regions the elevated urban temperatures influence positively the electricity demand of
surrounding buildings (Santero et al. 2011). Because of such assertions changes in
pavement components should be made with the corresponding estimations and region-
based research and simulations.

2.1.4.6 Urban geometries

Sustainable architecture is a complex term, combining responsibility not only for building
users but also for pedestrians. A uniform part of this term is energy efficient performance,
depending very strongly on geometry. It is the form of a building that defines to a great
extent its indoor climate as well as its surrounding outdoor environment and consequently
the surrounding behaviour of UHI. According to Oke (1987) UHI is fundamentally controlled
by urban structures. They provide constant shading, produce heat, absorb and emit large
amount of radiation. Additionally, they alter natural air flow. A correlation between UHII and
air velocity was discovered in a study by Vardoulakis et al. (2013). Measurements in the city
center of Agrinio, Greece indicated that stronger air velocities offer a substantial cooling

effect for densely built-up and high populated urban areas (Figure 2.9). Nonetheless, there
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Figure 2.9 Correlation between summer UHII and air speed (Vardoulakis et al. 2013)

are also urban areas with very low air velocities where shading provides considerable

protection in hot summer days due to high density of buildings (Andreou 2013).

Essential term related to urban geometries is sky view factor (SVF). It is a parameter used
by urban climatologists to define energy and heat exchanges for a given place, considering
the obstruction of the sky by the surroundings, compared to a place with no obstructions of
the horizon (Holmer 1992). SVF of locations is a value between 0 and 1 or it is expressed
as a percentage and indicates a relevant role for both - heat islands and outdoor thermal
comfort. A case study in Curitiba, Southern Brazil demonstrated that places with less
obstruction of the sky, i.e. high value of SVF, on days with higher temperatures are mostly
perceived as uncomfortable due to overheating (Kriiger et al. 2011). Nevertheless, same
locations can provide comfortable outdoor environment on days with lower temperatures.
Oke (1987) developed a formula for calculating the maximum UHI intensity at a location

taking into account its SVF.
ATmax = 15.27 - 13.88 SVF (Oke 1987), (2.2)
Street canyons

Street canyon is a term used for streets restricted from both sides by buildings. It is often
characterized by compromised pedestrian thermal comfort due to higher pollution levels,
altered ventilation rates and elevated temperatures. Urban canyons are trapping heat as a
consequence of higher obstruction of the sky and thus limited long-wave radiative heat loss
from buildings. Street orientation, street morphology and height/width (h/w) ratio are found
to be most important for evaluating thermal comfort conditions in street canyons. Andreou
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(2013) compared different variances of these parameters for a hot period of time. In this
work it was concluded that a street with an orientation E-W has the worst comfort conditions
for all the h/w ratios, compared to a N-S oriented street. PET value levels for such streets
with h/w ratios from 0.6 to 2.0 were outside the comfort zone for most of the day. Another
objective of the study was a comparison between a contemporary straight street canyon
with low h/w ratio and a traditional one with higher h/w ratio, and more organic form, but
compact design of the buildings. It was discovered that despite the lower wind speeds, the
comfort levels were higher in the traditional site due to increased shading.

Air quality and pollutants dispersion are a prime issue related to urban canyons. Some
studies (Gromke and Ruck 2007; Ali-Toudert and Mayer 2007) declare that pollutants
concentration depends mostly on wind direction and canyon aspect ratio h/w. A
perpendicular direction of the wind to the canyon axis is taken usually as the worst scenario
case for pollution dispersion in experiments. Contrary to the general assumptions, that
vehicle traffic adds additional stress in air pollution, it can have a positive influence in the
context of a street canyon. When traffic motion has been added in a laboratory experiment
by Gromke and Ruck (2007) pollution levels decreased in comparison to standing but
exhaust emitting traffic. It was inferred that traffic motion is an effective way to carry
pollutants out of the canyon. In the same study the impact of trees for air quality in urban
streets was also examined. The results showed that when tree crowns overtopped the
canyon roof level, pollution concentrations at pedestrian level increased. A relation between
crown diameter and air quality was also observed — the larger the tree crown, the more
aggravated was air quality within the canyon, because of hindered natural ventilation.
Additionally, tree spacing was examined. It was found that pollution levels decreased with

increasing tree spacing.

Another laboratory study that explored vegetation impact in urban streets was made by
Alexandri and Jones (2008). Green walls and green roofs in nine cities — all of them with
different climatic conditions, were the subject of this work. In all nine cases decreases in
canyon air and surface temperatures were observed due to vegetation. Asphalt surface
temperatures decline of 0.9°C was noticed due to radiative cooling from green walls even
for colder cities like Moscow, Russia, which has lower insolation and continental cool
summer. The highest decline of 2°C was assessed in Riyadh, Saudi Arabia. Further, it was
discovered that air masses enter the canyon much cooler, when green roofs are present
and cause greater decrease in canyon temperatures, compared to the green walls case,
where air masses enter the canyon already heated by the unvegetated roofs that absorb

significant amount of summer insolation. PET values were examined when both cases were
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combined. Levels improved in all nine locations. For the warmer cities Riyadh and Athens,
Greece, they changed from “hot” to “slightly warm” and “comfortable” during the day,

reaching “slightly cool” in the early morning, when greenery was applied.

According to many studies (Oke 1981; Akbari et al. 2001; Papadopoulos 2001) urban
canyon models are most appropriate for evaluating how urban climate affects energy use in
buildings. Surrounding weather conditions determine the operational system of a building,
but often this system cannot satisfy the expressed summer heat island. A necessity for the
installation of additional air-conditioning units is provoked. They are usually attached to the
building’s facade and the rejected heat from the compressor units contributes to the rise of
air temperatures within the canyon. The UHI effect intensifies even more, buildings cooling
energy demand grows and the process is back to initial position, where more air
conditioning units are needed. In order to avoid such vicious circles, proper urban planning
rules should be developed and energy management must be strongly considered when
designing a building (Papadopoulos 2001). An appropriate solution is presented by
Alexandri and Jones (2008). After the application of greenery on walls and roofs in urban
canyons in several cities significant cooling load declines are observed (Figure 2.10).
Ranging from 32% to 100% the displayed energy savings underline the effectiveness and
importance of vegetation for the building performance and for the mitigation of heat islands

in urban areas.
Building design

Canyon shape and building design are decisive for surrounding micro-climate. Different
approaches are developed to ensure outdoor comfort and to minimize the impact of heat
islands on buildings and vice versa. An example for such approach dates from the ancient
Greeks that used porticos to provide sufficient shading at the ground levels of a building.
This solution is used also in contemporary architecture in the form of street galleries. Ali-
Toudert and Mayer (2007) examined and compared street galleries, overhanging facades
and asymmetrical vertical profiles in urban canyons with different orientations (Figure 2.11).
For E-W oriented canyons it was concluded that galleries are an effective way to ameliorate
pedestrian comfort in hot summer days. Overhanging facades were most efficient for N-S
streets. Asymmetrical canyon geometry has higher SVF, which allows higher amount of
short-wave radiation, but also permits easier radiative heat loss after sunset. For N-S
oriented canyons this option improved the thermal situation significantly between 14 and
17h. Another design solution used very often in modern architecture are adjustable building

shading panels that can be closed for incoming sun radiation in summer and opened or
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Figure 2.10 Cooling load decreases (%) for (a) Athens, (b) Beijing, (c) Hong Kong, (d) Brasilia, (e)
Montreal and (f) Mumbai. "Gr w” refers to green wall case, and “gr a” to green wall combined with

green roof case (Alexandri and Jones 2008)

completely removed in winter (Figure 2.12). Vegetated trellises can be also an efficient
opportunity for pedestrian areas.

Development of urban areas is often related to vertical expansion of structures. Tall
buildings, representative for big cities, successfully alter the surrounding micro climate.
Once built, they become a constant shading source for ambient structures, absorb and emit
large amount of solar radiation. In addition, air speed and turbulence at the base of high
buildings is increased significantly. This creates an uncomfortable environment for
pedestrians increasing their body heat loss in winter days and rendering a sudden change
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Figure 2.12 Adjustable shading panels: a) closed in summer and protecting pedestrians from direct

sun light; b) opened in winter to allow short-wave radiation into buildings and pedestrian areas
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Figure 2.13 Design solutions for high buildings: a) larger ground level; b) open space between
ground level and main building part combined with larger fundament; c) open space between ground
level and main building part combined with a roof canopy (Oke 1987)

in temperatures in summer days. Oke (1987) proposes several design opportunities for high

buildings to alleviate undesirably enhanced wind flow at the pedestrian level (Figure 2.13).
2.2 Situation in Vienna

As mentioned before local research of demographic and climatic properties is fundamental
for the heat island analysis of a particular region. Knowing the area conditions in detall

26



constitutes a prerequisite for proper heat island surveys and mitigation approaches.

Therefore a short background of study case Vienna is provided below.

Vienna is located in northeastern Austria in the Vienna Basin in the easternmost part of the
Alps. Highest point above sea level is at 543 m, and deepest one - 151 m (Stadt Wien
2012). In accordance with Képpen-Geiger climate classification the city lies within the
climate class Dfb: temperate continental climate / humid continental climate (World Maps of
Képpen-Geiger Climate Classification 2012). Average temperatures in summer are
between 22 and 26°C (ZAMG 2012). Winter periods are cold, with snowfall mostly from
December until March, and autumn and spring seasons - mild. Predominant winds in spring
and summer months are coming from western and north-western directions, whereas in
autumn and winter from south-eastern directions (Schwab and Steinicke 2003). The region
has moderate precipitation reaching its maximum in June and July. Danube River passes

through the city and represents the only large water body.

Austria’s capital has experienced a significant growth in the last century. For a period of 20
years population of Vienna increased with more than 12% and the steepest increase is in
the last 10 years (Appendix: Figure 9.1). The population in 2012 accounts to nearly 1.737
million inhabitants as reported after the last census (Statistik Austria 2012). An adequate
rise in the quantity of dwellings followed. More than 24 000 new residential dwellings are
completed just in the years 1999 and 2000 (Appendix: Table 9.1). The degree of sealed
surfaces around the center of the city became between 50 and 70%, and in the very central
part - Innere Stadt, more than 70% (Schwab and Steinicke 2003). Buildings use outside the
center is mostly residential and partly for services. Emissions in this area are from traffic
and domestic sources, whereas in the center traffic emissions are prevailing and buildings

use is mostly for services (Schwab and Steinicke 2003).

These facts represent a reasonable precondition for a transformation in the city micro-
climate. Inevitable growth in electricity generation is observed with the rising numbers of
new buildings. Ascent in smog levels and in degree of sealed surfaces modifies local
atmospheric conditions and forces the effect of UHI. Differences between air temperatures
within the city and around it gradually increase. A comparison of air temperatures was
conducted between two locations in Vienna - one of them in the city center — Innere Stadt,
and another one at the very boundary of the city, within the Vienna Woods — Neuwaldegg
(Schwab and Steinicke 2003). The results showed that evening air temperatures in the
inner part of the city are cooling down more slowly than in the suburbs. This fact is a reason
for a night overheating in the city center. In the same study another two weather stations

are compared - one in the center — Schottenstift, and one in the outskirts — Mariabrunn. The
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measurements showed that the highest temperature differences occur in the early morning
between 6:00 and 7:00, and in the evening after 19:00 CET (Figure 2.14). The lowest
differences are observed in the middle of the day — between 10:00 and 14:00 CET.
Formayer et al. (2007) also explored micro climate in Vienna. It was confirmed that UHI is
most intensive at night in the city center — Innere Stadt, and state that in this central part the
days of heat — the so called “Hitzetage”, are 40% more than in the outskirts. The days of

frost are less - around 60, than in the surrounding suburban areas where they are 80.

These atmospheric alterations and the pronounced UHI effect produce very often extreme
conditions for the human body. Heat stress is one of them. Matzarakis et al. (2011) studied
the relationship between heat stress and mortality in Vienna on the basis of the PET index.
The analysis of long-term data from 1970 to 2007 indicated an increase in the air
temperatures between April and October, and consequently an increase in the days of heat
stress. Their exploration revealed a tendency — relative mortality rose on days with strong
(PET = 30°C) and extreme (PET =235°C) heat stress reaching values of 5.6% and 12.3%,
respectively. This relationship raises a concern about the impact of UHI on human well-
being and confirms the demand for a climate adaptation plan and detailed examination of

local solution opportunities to provide healthy environment for Vienna citizens.
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Figure 2.14 Average hourly air temperature differences between the stations Vienna-Schottenstift
and Vienna-Mariabrunn, 1951-1980 (Schwab and Steinicke 2003)
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3. METHODOLOGY

The structure of the proceedings for this study consists of three main components. The first
one is the analysis of long-term weather measurements from four weather stations in
Vienna and one rural station near the city, used as a reference location. The second part
focuses on a single study-case examination with the aid of mobile weather measurements.
The third part of the methodology constitutes computer simulations of proposed UHI
reduction strategies for the study-case. Central European Time (CET) is used as a time
format in the study.

3.1 Analysis of long-term weather data

First step of the methodology is the analysis of long-term weather data obtained from the
Central Institution for Meteorology and Geodynamics (Zentralanstalt fir Meteorologie und

Geodynamik or ZAMG). Hourly values for five weather stations are summarized to provide

Table 3.1

Description of ZAMG weather stations and mobile measurements

WEATHER HEIGHT ABOVE
ABBREVIATION TYPE OF AREA AVAILABLE DATA
STATION SEA LEVEL [M]

City center; densely
built urban area
with all kinds of

Innere Stadt U1 171 traffic sources; main | 12.1984 — 06.2012

use of buildings for

services and partly
residential

Loosely built
residential area with
big amount of
vegetation

Hohe Warte U2 198 01.1984 — 06.2012

north-east from the
center of the city;
Donaufeld U3 161 densely built-up 08.1996 — 06.2012
area near Danube
river

18 km eastern from

the city center;

Grof - Enzersdorf R1 154 04.1994 — 06.2012

agricultural
character
Rural area to the
Seibersdorf R2 185 south of the city, | g 1987 _ 052012
nearly half of the
area is forested
Densely built-up .
urban area; 2.5km Sho:t%te‘j:: data:
Mobile to the west of the -ouly,
MM - ) . 7.-9. August and
Measurements center; mainly
- . o 19. - 22. August
residential buildings 2012
with 4 to 5 storeys
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Figure 3.1 Map of Austria with location of Vienna; position of Seibersdorf (R2) according to Vienna;

exact location of used ZAMG weather stations and location of mobile measurements in the city

a more comprehensible view of the heat island distribution in Vienna. Available measured
parameters from ZAMG are: air temperature, relative humidity, wind velocity and global

solar radiation. The primal dimension used for the analysis is air temperature.

Three urban — Innere Stadt, Hohe Warte and Donaufeld, and two rural places — Grol3 —
Enzersdorf and Seibersdorf, are chosen for the examination. A short description of the type
of each area can be seen in Table 3.1. Their location in and around the city is shown on the
map in Figure 3.1. The year 2011 is chosen for a deeper survey of the available
measurements. Seasonal, monthly and hourly distributions of temperatures and UHI
intensity are plotted. The hottest week of the same year is taken for a more detailed

investigation.
3.2 Field surveys
3.2.1 Description

Mobile weather measurements constitute the second part of the methodology. According to
many authors (Oke 1981; Montavez et al. 2000; Papadopoulos 2001) canyon geometry and
its thermal properties are among the most important factors for UHI formation. As
representatives of the urban environment in Vienna two densely built-up street canyons are

chosen as case studies: Koppstrasse and Herbststrasse (Figure 3.2). Both streets are

30



Figure 3.2 Koppstrasse on the left and Herbststrasse on the right (picture by M. Vuckovic)

parallel, lying next to each other and located at about 2.5km to the west of the city center in
the heavily built-up 16th municipal district Ottakring. Their orientation is south east — north
western with an average h/w ratio of 1. Main properties of the case studies are summarized
in Table 3.2.

Koppstrasse is a street with two car lanes and heavy traffic level during the whole day. It
has high trees on both sides — nearly 12 to 14 m high, but it does not have a lot of soil area.
Instead of whole stripes of soil, there are parking areas between the small soil spots where
the trees are planted. The area of parking places takes around 15% of the studied location.
There are no water bodies. Paving material is black asphalt for the car lanes and concrete
for the pedestrian areas. Buildings type is the typical “Grinderzeit” style, made of plastered
bricks — mostly 4 or 5-storey with an attic and light coloured plastered fagade. Pitched roofs
with red tiles define the top layer of the street. The average sky view factor is very low
during the summer period because of the tree vegetation: 0.13. Width of the street is 18 m
(Figure 3.3).

Herbststrasse is a street with two car lanes, parking places on both sides of the road and
without any vegetation, water bodies or soil. The traffic level can be defined as a middle
one and therefore a little bit more quite than its parallel street. The parking places take up to
20% of the investigated street section. Paving material is black asphalt for the car lanes and
concrete for the sidewalks with a width of 12 m and 3 m, respectively (Figure 3.4). The
surrounding buildings have the same style like at Koppstrasse. The roofs are pitched with
typical dark-red roofing tiles. Because of the lack of trees and width of the street of 18 m the

average SVF throughout the year is relatively big: 0.45.
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Table 3.2
Main properties of the examined streets
PROPERTY KOPPSTRASSE HERBSTSTRASSE
Orientation SE - NW SE - NW
Street width [m] 18 18
Buildings height [m] 16 - 20 16 - 20
Building materials Plastered bricks Plastered bricks
Facade colors Light colors (albedo 0.3 — 0.4) Light colors (albedo 0.3 — 0.4)
Paving materials Black asphalt, cement concrete Black asphalt, cement concrete
Vegetation Trees (12 - 14m high) None
Parking places [%] 15 20
Mean SVF [%] 13 45
Traffic level High Middle

max.

13

28
2%

Herbsts,,a,‘e

2%

200 =
= 11.002.00

Figure 3.4 Dimensions Herbststrasse (in meters)

7.9

Figure 3.3 Dimensions Koppstrasse (in meters), crown diameter max. 8m
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N:nnag/g“w

32



wWHoN

8. "
21 *Lore
OPp,
7 STRASsEn
s
- oLy
L he N
'“Nru ¢ g
LY g2
~ 1
2 4 £
3 2 g g
e B, | s i} P
§ o - G H "
gL é " E,'?BSTSTRASSEW ® ¢ ‘-!
<2 F 55 1s 2
# < L&y — |
& & 2
s / CHE L_S0m_ "
—_— @

®{ Measurement spot
& Gemeindebau

Figure 3.5 Exact place of mobile measurement spots on the streets

The street sections that were taken for mobile measurements are both approximately 210
m long with a crossing unvegetated street between them - Kirchstetterngasse. Multiplied by
the street width of 18 m, each of the studied street parts has an area of 3780 m2.

Patterns of human activities are the same for both streets. There are no benches, green
parks or other rest areas where people can stop for a longer time. That is why both
locations can be considered as transitional for pedestrians. Highest stream of people is in
the morning, from 7:00 until 9:00 CET, when most of the people are going to work, and in
the late afternoon, between 16:00 and 18:00 CET, when they are on their way back. The
periods for the mobile measurements were chosen exactly during these hours, so that the
conditions when most people and vehicles are present can be studied. On each street three
approximately parallel spots were chosen — one by the crossing and another two,
representative for these streets. The parameters that were measured for every spot are: air
temperature, relative humidity, wind velocity, global solar radiation and CO, concentration.
The duration of measuring was one hour for each street, 20 minutes per spot. The first five
minutes at each position were always considered as adaptation time of the equipment, in
which the measuring tools reached equilibrium with the environment. Therefore they were
not included in the analysis of the results. The exact location of spots for the measurements

is shown on Figure 3.5. Their abbreviations used in the analysis can be seen in Table 3.3.

Table 3.4 shows that measurements at each spot are made always at the same time. For

example first spot is always measured only from 7:00 to 7:20 and from 17:30 to 17:50 CET,;
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Table 3.3

Abbreviations of each spot for mobile measurements

ABBREVIATIONS MM

Koppstrasse Spot 1 K1

Koppstrasse Spot 2 K2

Koppstrasse Spot 3 K3

Herbststrasse Spot 1 H1

Herbststrasse Spot 2 H2

Herbststrasse Spot 3 H3
Table 3.4

Exact time of measuring at each spot

TIME PLACE

7:00-7:20h 1. Spot

Morning MM 7:20—-7:40h 2. Spot
7:40-8:00 h 3. Spot

17:30-17:50 h 1. Spot

Evening MM 17:50-18:10h 2. Spot
18:10-18:30h 3. Spot

second spot is measured from 7:20 to 7:40 and from 17:50 to 18:10 CET, and so on. Exact
dates and values of measurements can be found in Table 11.2 and Table 11.3 in the

appendix.
3.2.2 Equipment

HOBO Weather stations were attached to bicycles and were used as monitoring tools
(Figure 3.6). Each of them consists of a cup anemometer as a wind measuring tool, a
pyranometer for the global solar radiation and temperature and humidity sensors.
Frequency interval of measuring of the HOBO equipment was 15 seconds. Fish-eye
photographs were taken with a Nikon Coolpix 8400 camera at 1 m height above ground at
each measuring spot (Figure 3.7). Nikon UR-E16 Fisheye Lens was attached to the camera
and mounted on a tripod with a compass on it, so that hemispherical sky images have
north-southern orientation (Appendix: Figure 9.16). The images were then imported in Sky
View Factor Calculator (Version 1.0) which computes SVF according to the proceedings
described in Holmer et al. (2001). Synotech onset HOBO external data loggers were
attached to monitoring tools and collected CO, data with frequency interval of 15 seconds
(Figure 3.8).
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Figure 3.7 Fish-eye camera Figure 3.8 HOBO external data loggers

3.2.3 Data analysis

The monitored air temperature and relative humidity values were used to calculate the
absolute humidity, or in this case the humidity ratio W, in gram water vapour per kilogram
dry air. A sequence of equations was used to determine this parameter. First the saturation
vapour pressure E (Formula 3.1) was used to compute the vapour pressure e (Formula
3.2). The partial pressure of dry air p, was calculated according to Formula 3.3 in order to

find the total pressure P;; (Formula 3.4). The results were then used to calculate the
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absolute humidity, or humidity ratio, W through the Formula 3.5. Obtained values were

multiplied by 1000 in order to receive g/kg instead of kg/kg dry air.
E = 611.2 * exp (17.08085 * T/ (234.175 + T)) [Pa] (3.1)
where E is the saturation vapour pressure and T - the air temperature in °C.
e=¢x*E/100000 [kPa] (3.2)

where e is the vapour pressure, ¢ — the relative humidity, and E — the saturation vapour

pressure from equation 3.1.
Pa = Pg * T/0.0035 [kPa] (3.3)

where p,is the partial pressure of dry air, p,- the density of dry air, T — the air temperature
in K.

Pior = pq + e [KPa] (3.4)

where P,,; is the total pressure, p,is the partial pressure of dry air from equation 3.3, and e

- the vapour pressure from equation 3.2.
W =ex*e/(Pw: —e) [0/kg dry air] (3.5)

where W is the absolute humidity, or humidity ratio, € is the ratio of molecular weight of
water vapour to dry air (¢ = 621.97), e is the vapour pressure from equation 3.2, and P;,; —

the total pressure from equation 3.4.
3.3 Computer simulations

The third part of the methodology is 3D-modeling of both urban canyons. The micro-scale
models are developed in the Computational Fluid Dynamics (CFD) Freeware program
called ENVI-met® (Version 4.0). ENVI-met is a three-dimensional micro-scale model,
designed to simulate and analyze short-wave and long-wave radiation fluxes between
buildings and their environment, taking into account shading, reflection and radiation (ENVI-
met 2013). The typical vertical resolution used is 0.4m and a time frame of 24 to 48 hours
with a time step of 10 sec. For the purposes of this study a 24-hour simulation time was
taken. This version of ENVI-met calculates wind velocity as a nearly constant value during
the whole simulation period. Therefore one average value is extracted as a representative
for each simulation case. For a more accurate comparison temperature and relative
humidity are considered at a height of 1.8m, since that was the approximate height of the
HOBO sensors for mobile measurements. Albedo of facades in the configuration settings
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was set to 0.40. The albedo of the dark-red roofing tiles was set to 0.2 (Gartland 2008;
Akbari et al. 2009).

Both streets with surrounding buildings, paving materials and vegetation were modeled and
receptor points were placed at the exact three positions at each street, where mobile
measurements were taken (Figure 3.9 - 3.10). 20" August 2012 is taken for all the
simulations since that was the hottest day during the mobile measurements. Differences
between real and virtual temperatures on this date were minimized to a maximum of 1K in
the simulation of the base case. The calibration of the ENVI-met model is shown in the
Figures 3.11 - 3.13. In these graphs “E” refers to ENVI-met and ‘MM’ to mobile
measurements. After this calibration several UHI mitigation methods for the current
situation are proposed and applied in the computational models, again for the same date
and same weather conditions, so that the level of microclimate improvement for both of the

study cases can be estimated. Simulated cases with their abbreviations are summarized in

KOPPSTRASSE

HERBSTSTRASSE

am]a]

Figure 3.9 Top view of ENVI-met models in base case situation with the exact placement of the

receptor points (green spots denote the place of tree trunks)
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Table 3.5.

The first improvement proposition for both urban canyons is to replace all the black asphalt
pavements with concrete ones. According to many studies (Akbari et al. 2001; Santero et
al. 2011) increasing the albedo of pavements is very important at the pedestrian level and
leads to lower temperatures through higher reflection of short-wave radiation. This reduces
the absorbed and emitted heat, which lowers the air temperatures within the canyon,
directly increases use-life of paving materials, preventing overheating, and indirectly
reduces cooling demand of the surrounding buildings (Akbari et al. 2001).

Second proposed mitigation method is increased albedo values of building facades. Their
reflection value for base case is estimated to be 40%. For this simulation it is increased to
80%. As in the first improvement this is expected to reflect more of the coming short-wave
radiation so that facades remain cooler. In this way the energy used for cooling decreases,
which contributes to less CO, emissions from power plants. Lower surface temperatures of
facades are also expected to keep ambient temperatures within the canyon at a more

=
=

comfortable level.

A\ \ Y

ConcrReTE HEM BLACK ASPHALT W Soi. @ MEASURING SPOT

Figure 3.10 Perspective view of the ENVI-met models in base case: Koppstrasse (up) and

Herbststrasse (down)
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Table 3.5
Simulated ENVI-met cases

SIMULATION CASE KOPPSTRASSE HERBSTSTRASSE
Base Case (BC) Current situation
Improvement Case 1 (C1) Black asphalt materials replaced with white concrete
Improvement Case 2 (C2) Increased albedo of building facades
Improvement Case 3 (C3) Larger tree spacing | Trees added
Improvement Case 4 (C4) C1, C2 and C3 cases combined

Third strategy applied in the computational model is adding of tree vegetation at
Herbststrasse and making larger distances between trees at Koppstrasse (Figure 3.14). In
the first case this method is supposed to lower air temperatures, increase absolute humidity
and decrease CO, amount. The larger spacing between trees in the second case is
expected to improve natural ventilation and consequently lower the temperatures and
enhance the dispersion process of harmful particulate matter. In both cases trees are
situated at minimum 10 m from street edges to ensure sufficient air flow induced by corner
eddies (turbulent vortices of various sizes) entering the street canyon. Distance between

tree trunks is kept at a minimum of 20 m and maximum of 30 m.

In the last simulated case all three methods are combined at each street in order to
estimate the entire amount of mitigation if these strategies are applied together.

Altering the albedo values of roofs was also simulated. However, it did not have any
influence on the examined parameters. Apparently this version of ENVI-met does not
consider such alterations. Therefore reflection of roofs is not taken as mitigation option in
the computer simulations and remained unchanged in all the cases. Green roofs were also
not an option, because of the high inclination of the building roofs in the examined area.
Another UHI and building cooling reduction strategy that is not available for application in
this version of the software is greening of the building fagcade. This method is left only for
theoretical analysis.

40



KoppsTRASSE K1
o o

o
o
o

O o 0]
H3 H
o o

Figure 3.14 Top view of ENVI-met models in case C3 with the exact placement of trees at

2 HERBSTSTRASSE
o o o
o
o

®ﬂ°
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4. RESULTS AND DISCUSSION

Results from long-term weather data, short-term mobile measurements and ENVI-met
simulations are compared and discussed. The potential of the proposed mitigation
strategies and probable reduction of UHI intensity in the city of Vienna is analyzed.

All hourly data in the graphs is expressed by means of CET. Formula 4.1 is used for the

calculation of mean values in the graphs:
1
Ym ==Xy (4.1)

where y,, is the arithmetic mean of the data set, n is the number of samples, and y; is

every individual sample.
4.1 ZAMG weather data

The following section presents the obtained summery of weather data divided into
seasonal, monthly and hourly distributions of air temperatures and UHI intensities. An
overview and a short description of the examined ZAMG weather stations and mobile
measurements are provided in Table 4.1.

Mean hourly distribution of air temperatures for each season at all five ZAMG weather
stations is depicted in the figures below (Figures 4.1 - 4.4). Seasons are divided by the
exact equinoxes and solstices for the year 2011. The values are averaged on an hourly
basis according to formula 4.1 and a reference day for each season is created.

Spring in this year began on March 20" and ended on June 21%. Figure 4.1 shows the
distribution of air temperatures for the reference day of this period. The highest variance is
monitored at the reference station R2 with a difference between maximum (20.63°C at
14:00) and minimum (12.58°C at 5:00) temperatures of 8.05 K. The lowest temperature
difference of 5.76 K is measured for U1 with a minimum of 15.33°C at 5:00 and a maximum
of 21.09°C at 15:00. Temperature differences between these two stations are the highest
compared to the other locations. Small exceptions can be seen in the middle of the day
between 10:00 in the morning and 13:00 in the early afternoon when values are almost the

same or slightly higher at R2.

The summer of 2011 lasted from June 21 to September 23™. In comparison to spring
season temperatures here have lower ranges (Figure 4.2). Minimum and maximum values

are again at 5:00h in the morning and 15:00 in the afternoon, but differences between them
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Table 4.1

Description of ZAMG weather stations and mobile measurements

WEATHER
STATION

HEIGHT ABOVE
SEA LEVEL [M]

ABBREVIATION TYPE OF AREA

AVAILABLE DATA

Innere Stadt

City center; densely
built urban area
with all kinds of

traffic sources; main

use of buildings for
services and partly
residential

u1 171

12.1984 - 06.2012

Hohe Warte

Loosely built
residential area with
big amount of
vegetation

u2 198

01.1984 — 06.2012

Donaufeld

north-east from the
center of the city;
densely built-up
area near Danube
river

U3 161

08.1996 — 06.2012

Grof - Enzersdorf

18 km eastern from
the city center;
agricultural
character

R1 154

04.1994 — 06.2012

Seibersdorf

Rural area to the
south of the city;
nearly half of the
area is forested

R2 185

06.1982 — 06.2012

Mobile
Measurements

Densely built-up
urban area; 2.5km
to the west of the

center; mainly
residential buildings
with 4 to 5 storeys

MM -

Short-term data:
17. July,
7.-9. August and
19. - 22. August
2012
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Figure 4.1 Mean hourly distribution of air temperatures at ZAMG weather stations for a reference

day, Spring period 2011
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Figure 4.2 Mean hourly distribution of air temperatures at ZAMG weather stations for a reference
day, Summer period 2011

are lower. The same occurrence with higher temperatures at R2 in the middle of the day
can be seen also in this graph - from 9:00 until 14:00. During the whole day, between 7:00
and 20:00, temperatures at U2 are the lowest. The other four curves at that time are
interlacing. During the night the same pattern is observed like for spring months — minimum

values are at R2 and maximum ones at U1.

In the graph of the autumn season can be seen that temperatures variety is lower than the
previous seasons (Figure 4.3). Differences between maximum and minimum temperatures
at U1 amount to 3.1 K and 4.7 K at R2. Differences between the locations are expressed
most visible during this season. Vertical order of curves (U1 at uppermost position, followed
by U2, U3, R1 and R2 at the undermost position) remains almost the same throughout the
day, with small exceptions in the afternoon. Minimum and maximum values are monitored

again at R2 and U1, respectively.

Winter in 2011 began on December 22" and ended on March 20". Differences between
day and night temperatures at each weather station are the lowest compared to the other
seasons (Figure 4.4). Air temperatures range from 1.48°C at midnight to maximum 4.71°C
in the afternoon for the rural R2 and from 3.29°C to 5.13°C for U1. The vertical disposition

of curves from the previous season remains the same.

Seasonal temperatures at R2 — Seibersdorf - are the lowest compared to the other four
stations as noticed from the previous graphs. Therefore the rural R2 is taken as a reference
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Figure 4.3 Mean hourly distribution of air temperatures at ZAMG weather stations for a reference
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Figure 4.4 Mean hourly distribution of air temperatures at ZAMG weather stations for a reference

day, Winter period 2011

location for the calculation of mean hourly UHII for each season in the year 2011 at the

urban station U1 according to equations (2.1) and (4.1).

All four curves in the graph depict a rather nocturnal expression of UHII (Figure 4.5).

Minimum values are seen in the middle of the day - from 10:00 until 14:00. An important

aspect that is noticed is the position of the autumn curve that lies above all other curves
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Figure 4.5 Mean hourly UHI| for each season: Difference between U1 (Innere Stadt) and R2
(Seibersdorf): 2011

throughout the whole day without any interlacing. Additionally, intensity is always positive in
this season, reaching its maximum of 3.3 K at 22:00. Minimum intensity in autumn with a
value of nearly 1.0 K can be seen at noon time. While winter UHI distribution remains above
the zero line during the whole day, the spring one demonstrates a very high temperature
variance — the highest of all the seasons, going both - above and below zero intensity. Its
peak values at 4:00h and 5:00 in the early morning are going very close to the peak values
of the autumn curve — the season with the highest intensity. On the other hand, its minimum
values are close to the minimum ones in summer, the season with the lowest intensity,
reaching - 0.24 K at 10:00 in the morning. Winter time appears to be the season with the
lowest temperature variance. Heat island intensity here is always positive. Nevertheless, it
does not exceed 2 K even in its highest point - around midnight. Lowest intensity of 0.4 K is
observed at 14:00 in the afternoon. The lowest position in the vertical order of curves is
taken by the summer season. UHI intensity is negative between 9:00 and 14:00. After that
the curve goes up, reaching its highest values in the evening from 21:00 until 1:00 at night.

The comparison of different weather stations on a seasonal and monthly basis ascertained
an indisputable UHI effect in the city of Vienna. Maximum temperature values are found
always at the urban Innere Stadt and minimum ones at the rural Seibersdorf. In autumn and
winter periods air temperatures in the center demonstrate constantly higher values than
surrounding suburban and rural stations, whereas during spring and summer seasons UHI
remains mainly a night-time phenomenon. Disturbed snow cover distribution and duration

can be a reason for this particular occurrence. Temperatures at suburban areas showed
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values close to the rural ones during the day and slightly higher during night hours. With
these facts a spatial distribution of UHI is revealed, establishing the attenuation of UHI

effect with the distance from the urban center.

After the examination of seasonal and monthly values the week with the highest air
temperatures in this year (21% to 27" August 2011) is chosen for a deeper analysis to
ascertain the behaviour of UHI phenomenon in extreme conditions. Distribution of hourly air
temperatures at each ZAMG weather station can be seen in Figure 4.6. Noticeable
differences between U1 and the other four curves at night and their convergence during the
day are observed in the graph. The curves of each weather station start to split up every
day at around 19:00 and differences become higher, mostly with a pick around 5:00 in the
early morning. After 6:00 they slowly start to gather again. During the night, when
temperature differences are the highest, the curve of the urban station U1 lies above all
other curves of weather stations, i.e. temperatures at U1 were higher.

Monitored values from this week are summarized and mean hourly air temperatures for the
same period (215 — 27" August 2011) are extracted and depicted in Figure 4.7. This
average distribution confirms the night expression of temperatures in the urban location U1,
Innere Stadt. From 19:00 in the evening until 9:00 in the morning average monitored values
at U1 are higher than monitored values at the other ZAMG stations. In the early afternoon,
between 14:00 and 15:00, averaged air temperatures at U3 are the highest ones. Between
11:00 and 18:00 air temperatures at U2 are the lowest compared to the other locations.

Cumulative frequency of air temperatures at each weather station for the examined hot
period is obtained from the hourly data and presented in Figure 4.8. A significant deviation
of the U1 curve from the other four curves can be seen in the graph. Considering the
median (the 50% line) of the plot it can be inferred that 50% of the time temperatures in the
city center were equal or exceeded 27°C. The place where the median crosses the R2
curve — at 25.25°C, indicates a difference of 1.75 K with the urban station U1. Not only R2,
but also all other stations at this level lie to the left of the U1 curve, i.e. their medians are
lower than this of Innere Stadt. The average range of temperatures for each set of data, or
the so called inter quartile range (IQR), is defined between the 25% and 75% lines. This
range lies between 24.25 and 30.50°C for U1 and between 21.10 and 29.70°C for R2.The
station U3 also appears to have very high temperatures in comparison with the rest of the

locations.

Cumulative frequency of UHI intensities for the same period of time (21%' — 27" August
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Figure 4.6 Distribution of hourly air temperatures at ZAMG weather stations for the chosen period (21“ —-27" August 2011)
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2011) is depicted in Figure 4.9. The rural station R2, Seibersdorf, is taken as a reference
station for the calculation of intensities according to formula 2.1. It can be noted again that
both - the median and the IQR of the urban U1, Innere Stadt, are positioned on the right
side of all other medians and IQRs, i.e. hourly intensities at this station were higher more
than 75% of the time in the examined period. Lowest intensity can be seen at the rural R1.

Hourly intensity of UHI in the city center for the same hot week period is displayed in Figure

49



100
% P
%0 4

o / i

80 /," /

75 /. J /. /
2 JZAN: g
o JIFARK /

s [ / /

55 /,'I ./

50 {' /

5 / /

0 vy
a5 FARNAY4
30 7 / /

s /ARy

» YRV
15
10

/A
/
5 = pra z//
0 el

-75 -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 -05 00 05 10 15 20 25 30 35 40 45 50 55 60 65 70
UHII [K]

Frequency [%]

—U1 ----- U2 —--U3 ——R1L

Figure 4.9 Cumulative frequency distribution of UHII for the chosen period (21“— 27" August 2011)

4.10. A certain daily pattern can be identified from this bar graph. Highest values are
reached always during the night, approximately between 20:00 in the evening and 7:00 in
the morning. Very low and often negative values are seen in the middle of the day between
9:00 and 16:00 with lowest intensities around noon time. The maximum intensity for this
week is measured at 21:00 (24th August) reaching 6 K, and the minimum one at 13:00
(27th August) with a value of - 4.1 K.

The UHI intensities from the previous graph are summarized and a box plot of hourly UHII
values for the weather station U1 is obtained (Figure 4.11). The values of the medians form
a distribution with lowest point at 13:00 in the early afternoon. The UHI intensity at this
position has a negative value of -0.73 K. The peak values of the medians are marked by
the night hours with a maximum intensity of 3.6 K at 3:00. Adjacent average night time
values between 20:00 and 5:00 in the morning are equal or above 3 K, with an exception at
midnight. All average values between 12:00 and 13:00 are below the zero line, i.e. the UHI

intensity is negative during this time of the day.

The absolute maximum values for this hot week period are either equal or exceed 1 K.
Peak absolute maximum value of 6 K is found at 21:00. The lowest values can be seen at
11:00 and 13:00. Highest values are found to be again between 20:00 and 5:00 in the early

morning.

Absolute minimum values do not follow the systematic distribution of the maximum and

average ones. However, the logic of ascending and descending intensity remains the

50



T

'

1

6.5

5.5

4.5

35

2.5

wn — wn o

- [S)
[] Ausuaaul IHN

-0.5

00:00 80-8¢
00:22 80-LC
00:0T 80-LC
00:8T 80-LC
00:9T 80-£C
00:¥T 80-LC
00:¢T 80-LC
00:0T 80-£C
00:80 80-LC
00:90 80-LC
00:¥0 80-£C
00:2¢0 80-LC
00:00 80-£C
00:22 80-9¢
00:0Z 80-9¢
00:8T 80-9¢
00:9T 80-9¢
00:¥T 80-9¢
00:¢T 80-9¢
00:0T 80-9¢
00:80 80-9¢
00:90 80-9¢
00:¥0 80-9¢
00:20 80-9¢
00:00 80-9¢
00:2Z 80-S¢
00:0Z 80-5¢
00:8T 80-S¢
00:9T 80-S¢
00:¥T 80-5¢C
00:¢T 80-S¢
00:0T 80-S¢
00:80 80-5¢
00:90 80-S¢
00:¥0 80-S¢
00:20 80-5¢
00:00 80-S¢
00:¢Z 80-¥C
00:0Z 80-¥¢
00:8T 80-¥¢
00:9T 80-¥C
00:¥T 80-¥C
00:¢T 80-¥¢
00:0T 80-¥C
00:80 80-¥C
00:90 80-¥¢
00:¥0 80-¥C
00:20 80-¥¢
00:00 80-¥¢
00:¢Z 80-€¢
00:0Z 80-€¢
00:8T 80-€C
00:9T 80-€¢
00:¥T 80-€C
00:¢T 80-€C
00:0T 80-€¢
00:80 80-€¢
00:90 80-€¢
00:70 80-€¢
00:20 80-€¢
00:00 80-€¢
00:¢Z 80-¢¢
00:0Z 80-¢¢
00:8T 80-¢¢
00:9T 80-¢¢
00:¥T 80-¢¢
00:¢T 80-¢¢
00:0T 80-¢¢
00:80 80-¢¢
00:90 80-¢¢
00:¥0 80-¢¢
00:20 80-¢¢
00:00 80-¢¢
00:¢Z 80-T¢C
00:0 80-T¢
00:8T 80-T¢
00:9T 80-T¢
00:¥T 80-TC
00:¢T 80-T¢C
00:0T 80-T¢
00:80 80-T¢
00:90 80-T¢
00:70 80-T¢C
00:20 80-T¢C

Figure 4.10 Hourly UHII for the chosen period (21 - 27" August 2011): Difference between U1 (Innere Stadt) and R2 (Seibersdorf)
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same: lowest values are found in the middle of the day with -4.1 K and -3.9 K at 13:00 and
14:00 respectively, and highest values at night reaching 2.3 K at 3:00.

The analyzed short summer period with extreme conditions displayed a more detailed
behaviour of UHI on an hourly basis. The night time expression of the effect is underlined
once again showing maximum values at the urban U1 and U3, and minimum ones at both
rural locations — R1 and R2. In this hot week the loosely built residential U2 indicated rather
comfortable levels of temperatures with values during some of the days even lower than
these at the reference rural location. The lower density of structures, the abundance of
vegetation and less traffic appear to have a very advantageous behaviour in extreme

summer conditions.

The nocturnal appearance of UHI effect can be comprehended as a delayed response from
daily processes. Urban surfaces act like huge heat storages that emit the gathered heat
during night hours. In rural places this emitting process is almost absent and that is the
reason why temperature differences at night reach their highest values. Permeable
surfaces, natural materials with higher solar reflectance and vegetation to permit the
process of evapotranspiration prevent extreme conditions and heat stress in suburban and

rural places.

52



4.2 Mobile measurements

Collected data from the mobile measurements is divided into morning and evening values.
The measured parameters are averaged for each spot and measuring period so that only
one representative value is obtained in the end. The bar graphs below show differences of
the averaged data between the street without trees, Herbststrasse, and the street with

trees, Koppstrasse (Figure 4.12 - 4.16).

The retrieved mean air temperature differences result only in positive values with a
minimum difference amounting to 0.07 K (Figure 4.12). This means that air temperatures at
Herbststrasse were higher. Nevertheless, differences do not exceed 0.68 K. Another
aspect noticed in the graph is that evening differences are higher at all three spots

compared to morning ones.

Next monitored parameter is global solar radiation (Figure 4.13). As in the temperature
graph, obtained differences are always positive, i.e. solar radiation at the unvegetated
street was higher, and differences in the evening, varying from 167 to 360 W/m?, are again

higher than the morning ones, varying only from 31 to 52 W/m?>.

Compared to the values in the first two charts, absolute humidity differences between both
canyons are very low (Figure 4.14). They are positive and vary between 0.07 and 0.10 g/kg
dry air in the morning, which may be a result of the absorption of earth under the trees; and
negative, between 0.19 and 0.23 g/kg dry air in the evening, i.e. absolute humidity is higher

at the vegetated street.

Wind speed differences at all three spots are positive during the whole day, i.e. air velocity
on the street without trees is permanently higher, regardless of the fact that it has less
traffic than the vegetated street (Figure 4.15). The highest difference values can be seen
again in the evening, varying between 0.80 and 1.19 m/s. In the morning wind speed on
Herbststrasse is higher with 0.19 to 0.60 m/s.

Carbon dioxide concentration within both canyons is measured in parts per million (ppm).
Against the expectations that trees at Koppstrasse contribute to the reduction of CO,,
differences here are negative, which means CO, concentration is higher at the vegetated
street (Figure 4.16). Their values vary from -59 to -69 ppm in the morning, and from -58 to -
68 ppm in the evening. Even if an average error of the HOBO sensors of about 10 to 20

ppm is accepted, differences would have remained negative.
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Figure 4.16 Mean CO, differences between Herbststrasse and Koppstrasse

The conducted short-term mobile measurements indicated a meaningful difference
between micro climates in an unvegetated and a vegetated urban canyon. Some of the
monitored parameters, for example air temperatures, wind speed and global solar radiation,
confirmed the expected results about the impact of shade trees. Others, like absolute
humidity, remained almost unaffected from this factor. The collected CO, data completely
contradicted the statements that vegetation reduces CO, levels (Oke 1987; Akbari et al.
1990; Kleerekoper et al. 2012). Apparently micro-climate conditions in street canyons differ
significantly from other urban contexts and have to be observed with particular prudence.
For the identification of the exact reasons more details are needed. In this case the reason
could be the higher traffic flow at the vegetated street, Koppstrasse, that affects air
conditions substantially. Trees may have entrapped the exhaust gases from vehicles and in
this way elevated CO, concentrations remained within the canyon.
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A certain trend is discernible in the graphs of mobile measurements — with exception of the
CO; values evening differences are always higher than the morning ones. That tendency
relates also to the long-term data analysis where heat island highest expression begins
mostly a few hours before sunset. At that time urban surfaces are slowly reaching their
“saturation” with heat and are supposed to give that absorbed heat away at night. However,
dense geometries in urban canyons constitute obstacles for this radiative heat loss and the
long-wave emissions remain within the canyon boundaries. In the current situation trees
could be also taken as barriers for these heat fluxes. Nevertheless, during the day they play
a significant role for the reduction of air temperatures. As reported by Shashua-Bar and
Hoffman (2000) 80% of the total cooling provided by trees is due to shading. This
appearance is confirmed at Koppstrasse when considering the monitored global solar

radiation and temperature values.

Although the measurements supported the statement by Shashua-Bar and Hoffman (2000)
that trees prevent most of the short-wave radiation from reaching the ground, their large
crowns and dense foliage also trap the gathered heat and exhaustion gases within the
canyon and diminish the air exchange. High traffic levels and reduced wind speed at
Koppstrasse create favourable conditions for the retaining of pollutants. This is a
reasonable explanation for the higher CO, concentrations monitored in the vegetated
street. A possible solution for this case is presented by Gromke and Ruck (2007) in their
experiment with different tree spacing in urban canyons. The study showed that larger tree
spacing decreases harmful concentrations and ensures better street ventilation if tree

crowns are far enough, and not interlacing.

The absence of trees on the other street, Herbststrasse, was expected to provide lower
humidity levels and higher CO2 concentrations. Despite of the higher air temperatures and
solar radiation collected humidity data did not show any considerable variation compared to
the vegetated street. The small differences indicated in the graphs could be a result of
equipment differences or the more intensive air exchange due to absence of trees. The
significantly lower carbon dioxide values at the unvegetated street can be explained with
the lower traffic level, the better natural street ventilation and the lack of obstacles that

would normally prevent pollutants dilution.
4.3 ENVI-met simulation results

Simulated cases in the computational model can be seen in Table 4.2. For the amount of
mitigation in each simulated situation in ENVI-met improvement values are subtracted from

base case values. For a more reasonable comparison with the mobile measurements only
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Table 4.2
Simulated ENVI-met cases

SIMULATION CASE KOPPSTRASSE HERBSTSTRASSE
Base Case (BC) Current situation
Improvement Case 1 (C1) Black asphalt materials replaced with white concrete
Improvement Case 2 (C2) Increased albedo of building facades
Improvement Case 3 (C3) Larger tree spacing | Trees added
Improvement Case 4 (C4) C1, C2 and C3 cases combined

the values at a height of 1.8 m are taken from the output files. The calculated results for air
temperatures are displayed in the following Figures 4.17 — 4.20. The improvement values
for absolute humidity and surface temperatures can be found in the appendix (Appendix:
Figures 9.18 — 9.22). The surface temperature results were significant only in the first
improvement case and therefore results for the other simulated cases are not included in
the study. For the analysis of each case an average wind speed value is taken for the

whole simulation period.

The first improvement of the current situation — replacement of black asphalt with white
concrete, made considerable changes to the micro -climate of both canyons. Temperatures
at both streets decreased with up to 0.83 K (Figure 4.17). Highest differences are noticed at
9:00 and 10:00 in the morning for Herbststrasse, at 13:00 and 14:00 for Koppstrasse, and
lowest ones in the hours after sunset. Pavement surface temperatures decreased with up
to 4.8 K at Herbststrasse (Appendix: Figure 9.20). Surface temperature decreases for
Koppstrasse were not essential, but still evident. The replacement of the black asphalt with
grey concrete did not influence the wind speed. The absolute humidity levels on the other
side are affected, as expected from the lower temperature values, and increased at both

streets with up to 1.5 g/kg dry air (Appendix: Figure 9.16).

Applying the second mitigation method — increasing the albedo of building facades, brought
the expected positive results, i.e. temperatures at both streets have decreased after
altering the solar reflectance of the surrounding structures. Temperature values became
lower with up to 0.8 K at 9:00 in the morning and between 0.3 and 0.4 K during the rest of
the day for both streets (Figure 4.18). Absolute humidity values were not affected
substantially from this method. However there is a slight positive change, i.e. slightly
increased absolute humidity that is visible in the graph (Appendix: Figure 9.17). Wind

speed remained unchanged.

After the third improvement — adding of tree vegetation at the unvegetated street and re-

spacing the trees at the vegetated one, temperatures at Herbststrasse have slightly
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decreased, reaching a difference of 0.54 K at 16:00 in the afternoon (Figure 4.19). The
increase of sky obstruction with up to 27% because of tree crowns made the main
contribution in this case. In the early hours and after sunset however differences are
negative, but too small to be considered as significant. Wind speed on the other side has
decreased with an average of 1.2 m/s that may be the reason for the negative temperature
differences, i.e. temperatures are higher. Absolute humidity values changed with up to 1.2
g/kg dry air, which makes trees influence on humidity in this canyon significant.

Temperatures at Koppstrasse slightly increased after re-spacing the trees (Figure 4.19).
Highest increase is noticed by the first position, where the tree from base case right next to

the receptor point was placed further away in the improvement case and SVF increased
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Figure 4.16 Mean air temperature differences between Herbststrasse and Koppstrasse in BC
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Figure 4.17 Mean air temperature differences between BC and C1 (white concrete case)
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with 25%. Thus almost no shading is provided at this spot after 10:00 in the morning. The
temperature values by the other 2 spots did not change substantially. Air velocity at
Koppstrasse increased with an average of 0.5 m/s. The lower amount of trees appeared to

have an important effect on absolute humidity levels — they decreased with up to 1 g/kg.

The simulated combined cases altered the micro-climates of both street canyons
substantially. It is noticeable that differences at Koppstrasse are slightly lower than at
Herbststrasse (Figure 4.20). However, they are always positive with only few exceptions.
The same is valid for Herbststrasse, where negative values appear in the early morning.
Temperatures during the day have decreased with up to 1.69 K at Herbststrasse and up to
1.35 K at Koppstrasse. Considerable changes appear in absolute humidity values as well,

reaching an increase of 2.6 g/kg dry air at Koppstrasse and 3.2 g/kg dry air at
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Figure 4.18 Mean air temperature differences between BC and C2 (increased albedo case)
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Figure 4.20 Mean air temperature differences between BC and C4 (combined case)
Herbststrasse (Appendix: Figure 9.21).

The simulated mitigation methods predicted considerable alleviation of the UHI effect. The
first strategy applied in the computational model improved the base case conditions in
bothstreets. Air temperatures decreased with up to 0.83 K and surface temperatures with
more than 4.8 K at Herbststrasse. Additional positive effect is noticed in the absolute
humidity levels with an increase of up to 3.2 g/kg dry air. The amount of improvement
shows that increasing the albedo of pavements has a significant role in altering the micro

climate of urban canyons.

Changing the albedo of building facades also predicted certain mitigation. Temperature
differences with base-case are not as essential as after the first improvement, but they still
remain above the zero line. The more reflective facades reduce the heat accumulation
during the day and thus the long-wave radiation flux to the surroundings. This UHI
reduction method is of great importance for human thermal satisfaction outdoors as well as

indoors.

Third improvement of ENVI-met base case situation — adding and respectively re-spacing
of trees, underlines the importance of tree vegetation for shading in hot summer days.
According to the results trees lower the air temperatures as long as they constitute
obstacles for short-wave radiation. Objects that stand under the shadow of tree crowns
(e.g. 1.Spot at Herbststrasse C3) experience a slight alleviation in the surrounding
temperature conditions and therefore an increased comfort. However, those that stand
outside the shaded area (e.g. 1.Spot at Koppstrasse C3) do not experience any difference

in temperature from the neighbouring tree. Concerning the wind speed tree vegetation has
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a significant influence. It increased slightly at Koppstrasse and substantially hindered the
natural ventilation at Herbststrasse, which is a great disadvantage for pollutants dispersion

and air temperatures in hot summer days.

The magnitude of mitigation for both street canyons after applying the methods together is
eminent. Significant air and surface temperature decreases, and absolute humidity
increases emphasize the huge potential of reflective materials and tree vegetation for the
alleviating of micro-climates. Applying these strategies in the real urban context is able to
bring not only an improved outdoor comfort, but also essential energy savings and thermal

comfort for building users indoors.
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5. CONCLUSION

In this study the effect of UHI for Vienna, Austria, was examined. The detailed background
exploration of this phenomenon and related reduction strategies indicated that different
urban contexts need different climate adaptation procedures. The particular context in
Vienna was determined with the aid of long-term measurement data and their analysis on a
spatial, seasonal and hourly basis. The occurrence of a heat island in the city was
evidenced. Distributed from the center to the outskirts the phenomenon is found to be most
pronounced in autumn and winter seasons. A definite nocturnal expression is indicated on

a daily basis.

For an examination at a pedestrian level two parallel urban canyons near the city center
were adopted for short-term measurements — one of them with (Koppstrasse) and the other
one without vegetation (Herbststrasse). The collected data underlined the importance of
trees for alleviating of extreme summer conditions. However, measured levels of CO, were
higher at the vegetated street. To identify the reasons for that more details are needed.
Contributing factors may be in this case a) reduced air flow in Koppstrasse due to presence
of trees and b) higher traffic density in the same canyon. Both streets were modeled in 3D-
computational software to predict the amount of micro-climate improvement after
application of several mitigation methods. The results of the simulations presented a
significant potential for amelioration of current conditions. Modifications in land cover and

adding of vegetation turned to be a key factor for the UHI mitigation.

Increased urban temperatures and thermal discomfort are major issues that need to be
considered with responsibility and support by designers and urban planners. The correct
application of the discussed complex solutions is able to provide healthy outdoor conditions
for urban occupants, decrease carbon footprint of local processes and significantly improve

surrounding buildings performance.
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9. APPENDIX

9.1 Abbreviations

CET

GHG

ISO

LCA

LWS

NAAQS

NIR

OECD

PCM

PET

PMV

PPS

RH

SVF

UHI

UHII

WS

ZAMG

Central European Time

Greenhouse gas

The International Organization for Standardization
Life cycle assessment/analysis

Living wall system

National Atmospheric Air Quality Standard
Near-infrared (spectrum)

Organization for Economic Co-operation and Development
Phase - change materials

Physiological Equivalent Temperature

Predicted Mean Vote

Permeable pavement system

Relative humidity

Sky view factor

Urban heat island

Urban heat island intensity

Wind speed

Zentralanstalt fur Meteorologie und Geodynamik
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9.2 Vienna - facts

Population growth for a period of 20 years and completed dwellings in Vienna for the years

with the steepest growth can be seen in Figure 9.1 and Table 9.1, respectively.

1,740 -
1,720
1,700

v

e 1,680

2

3 1,660 -

£

5

£ 1,640 -

2

€ 1,620

£

S 1,600

&=

£ 1,580
1,560
1,540
1,520

1992 1993 1994 1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012

Figure 9.1 Population growth in Vienna for the last 20 years (according to Statistik Austria 2012)

Table 9.1

Residential dwellings completed in Vienna (according to Statistik Austria 2012)

YEAR DWELLINGS COMPLETED IN VIENNA
1998 9.363
1999 12.878
2000 11.713
2001 6.329
2002 5.628

9.3 Mobile measurements

The monitored data from all days of measurements is averaged for each street and
parameter and a reference measuring period is created. Obtained distributions can be seen
in Figures 9.2 — 9.6. Differences of minimum and maximum monitored values from mobile

measurements are depicted in Figures 9.7 — 9.15. Tables 9.2 — 9.7 show average,

minimum and maximum values for each measuring period of 20min. Hemispherical sky

images and SVF of both streets can be seen in Figure 9.16.
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Table 9.2

Exact dates and time of mobile measurements with averaged values for the monitored parameters at

Koppstrasse
Koppstrasse - Average Values
DATE PLACE TIME Air Temperature Solar Radiation Relative Humidity Absolute Hum.idity Wind Speed COo2
[°C] [W/m2] %] [9/kg dry air] [m/s] [ppm]
1.Spot 7:00-7:20 16.55 3.77 61.83 7.43 0.01 439.37
2.Spot 7:20-7:40 16.53 16.07 61.57 7.39 0.00 441.85
17 July 2012 3.Spot 7f40_8:90 16.47 13.19 63.40 7.58 0.08 439.22
1.Spot |17:30-17:50 21.13 24.93 52.11 8.21 0.43 410.22
2.Spot [17:50-18:10 21.42 37.28 51.50 8.25 0.32 412.46
3.Spot |18:10-18:30 21.07 14.50 52.60 8.26 0.36 412.29
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
7 Aug 2012 3.Spot 7340-8:0.0 / / / / / /
1.Spot |17:30-17:50 25.29 23.92 43.88 8.76 0.00 393.84
2.Spot [17:50-18:10 25.65 30.78 43.33 8.83 0.00 409.05
3.Spot |18:10-18:30 25.09 8.51 44.02 8.69 0.00 393.80
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
3.Spot 7:40-8:00 / / / / / /
8 Aug 2012 1.Spot |17:30-17:50 25.27 17.16 44.68 8.91 0.00 431.38
2.Spot |17:50-18:10 25.42 84.58 43.80 8.81 0.00 413.70
3.Spot |18:10-18:30 25.33 16.28 44.52 8.91 0.00 413.84
1.Spot 7:00-7:20 19.61 4.07 59.72 8.61 0.00 432.63
2.Spot 7:20-7:40 19.63 18.01 59.07 8.52 0.00 430.17
9 Aug 2012 3.Spot 7340-8:0.0 20.17 9.40 57.97 8.63 0.00 424.77
1.Spot |17:30-17:50 / / / / / /
2.Spot [17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
3.Spot 7:40-8:00 / / / / / /
19 Aug 2012 1.Spot |17:30-17:50 31.25 23.46 30.99 8.58 0.00 399.77
2.Spot |17:50-18:10 30.88 39.01 32.75 8.89 0.00 403.13
3.Spot |18:10-18:30 30.82 16.87 33.54 9.07 0.00 410.90
1.Spot 7:00-7:20 20.70 1.44 63.16 9.71 0.00 535.15
2.Spot 7:20-7:40 21.10 4.49 62.20 9.78 0.00 561.05
20 Aug 2012 3.Spot 7340-8:0.0 21.86 7.02 60.59 9.95 0.00 566.64
1.Spot |17:30-17:50 35.60 14.40 28.24 9.82 0.04 442.20
2.Spot [17:50-18:10 35.18 37.48 27.76 9.45 0.00 443.73
3.Spot |18:10-18:30 34.95 11.65 26.98 9.08 0.00 445.91
1.Spot 7:00-7:20 25.32 2.64 57.61 11.52 0.01 414.48
2.Spot 7:20-7:40 25.31 12.01 57.76 11.54 0.01 444.30
21 Aug 2012 3.Spot 7f40_8:90 25.36 14.67 57.63 11.56 0.01 458.91
1.Spot |17:30-17:50 30.94 21.20 34.36 9.35 0.00 450.20
2.Spot [17:50-18:10 30.95 41.49 34.66 9.44 0.00 461.02
3.Spot | 18:10-18:30 30.81 13.03 35.75 9.66 0.03 457.66
1.Spot 7:00-7:20 22.50 2.44 66.91 11.41 0.00 534.85
2.Spot 7:20-7:40 22.65 8.20 66.12 11.37 0.00 565.07
22 Aug 2012 3.Spot 7f40_8:90 22.86 9.38 64.51 11.22 0.00 565.11
1.Spot |17:30-17:50 / / / / / /
2.Spot [17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
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Table 9.3

Exact dates and time of mobile measurements with averaged values for the monitored parameters at

Herbststrasse

Herbststrasse - Average values

DATE PLACE TIME Air Temperature Solar Radiation Relative Humidity Absolute Humidity =~ Wind Speed Cco2
Il Wim2] %] [g/kg dry air] [mi/s] [ppm]
1.Spot | 7:00-7:20 17.46 34.81 59.10 7.50 0.45 394.75
2.Spot | 7:20-7:40 16.81 51.52 61.48 7.50 0.13 409.79
17 July 2012 3.Spot 7i40_8:90 16.60 78.14 64.29 7.75 0.94 413.41
1.8pot |17:30-17:50 21.81 457.24 50.86 8.33 2.87 342.05
2.Spot | 17:50-18:10 21.52 286.00 51.41 8.28 3.07 366.41
3.Spot |18:10-18:30 21.25 209.24 52.38 8.31 3.90 360.18
1.Spot | 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
7 Aug 2012 1.8pot |17:30-17:50 26.09 205.50 41.63 8.69 1.45 358.89
2.Spot [17:50-18:10 25.56 147.81 42.81 8.68 0.59 357.39
3.Spot |18:10-18:30 24.96 79.63 43.88 8.60 1.93 355.11
1.Spot | 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
8 Aug 2012 1.Spot |17:30-17:50 26.51 425.06 41.50 8.87 0.73 342.05
2.Spot |17:50-18:10 25.87 330.31 42.19 8.70 0.50 356.05
3.Spot |18:10-18:30 25.65 239.88 43.69 8.90 0.31 351.89
1.Spot | 7:00-7:20 20.52 40.06 57.63 8.76 0.03 380.52
2.Spot | 7:20-7:40 20.30 82.25 58.00 8.70 0.00 381.16
3.Spot | 7:40-8:00 20.23 63.25 58.00 8.67 0.42 363.18
9 Aug 2012 1.8pot |17:30-17:50 / / / / / /
2.Spot |17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
1.Spot | 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
19 Aug 2012 1.8pot |17:30-17:50 31.56 413.75 29.00 8.16 0.48 342.68
2.Spot | 17:50-18:10 32.01 272.00 30.06 8.66 0.39 382.52
3.Spot |18:10-18:30 31.41 216.25 31.13 8.69 0.25 374.00
1.Spot | 7:00-7:20 21.21 28.75 62.00 9.81 0.03 451.16
2.Spot | 7:20-7:40 21.17 37.38 62.88 9.93 0.00 465.61
20 Aug 2012 3.Spot 7i40_8:90 21.70 28.00 61.88 10.07 0.08 467.95
1.8pot |17:30-17:50 36.26 386.19 26.00 9.36 1.20 357.34
2.Spot | 17:50-18:10 36.32 245.69 24.94 9.00 0.48 359.05
3.Spot [18:10-18:30 35.91 195.44 24.31 8.59 0.70 376.25
1.Spot | 7:00-7:20 25.39 35.88 58.06 11.66 2.15 387.30
2.Spot | 7:20-7:40 25.39 58.00 58.00 11.64 0.98 391.70
21 Aug 2012 3.Spot 7540-8:(?0 25.35 75.25 58.00 11.62 1.62 386.16
1.Spot |17:30-17:50 31.33 398.50 32.38 9.00 0.50 376.45
2.Spot [17:50-18:10 32.10 238.31 31.81 9.21 0.08 400.48
3.Spot |18:10-18:30 31.26 138.63 33.19 9.19 0.48 366.58
1.Spot | 7:00-7:20 23.05 29.94 64.00 11.26 0.00 436.00
2.Spot | 7:20-7:40 23.08 67.81 64.00 11.28 0.03 453.05
3.Spot | 7:40-8:00 23.19 58.81 64.00 11.35 0.00 456.11
22 Aug 2012 1.Spot |17:30-17:50 / / / / / /
2.Spot |17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
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Table 9.4

Exact dates and time of mobile measurements with minimum values for the monitored parameters at

Koppstrasse
Koppstrasse - Minimum values
DATE PLACE TIME Air Temperature Solar Radiation Relative Humidity Absolute Hum.idity Wind Speed COo2
[°Cl] [Wim2] %] [g/kg dry air] [m/s] [ppm]
1.Spot 7:00-7:20 16.42 1.90 61.30 7.31 0.00 412.00
2.Spot 7:20-7:40 16.39 6.90 61.30 7.30 0.00 433.00
17 July 2012 3.Spot 7f40_8:90 16.34 6.90 61.70 7.32 0.00 433.00
1.Spot |17:30-17:50 20.91 20.60 51.40 8.00 0.00 402.00
2.Spot |17:50-18:10 21.25 14.40 51.00 8.09 0.00 405.00
3.Spot |18:10-18:30 20.82 3.10 52.00 8.04 0.00 394.00
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
7 Aug 2012 3.Spot 7340-8:0.0 / / / / / /
1.Spot |17:30-17:50 25.04 5.60 43.00 8.47 0.00 380.00
2.Spot |17:50-18:10 25.16 13.10 42.30 8.39 0.00 377.00
3.Spot | 18:10-18:30 24.70 3.10 42.50 8.21 0.00 386.00
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
3.Spot 7:40-8:00 / / / / / /
8 Aug 2012 1.Spot |17:30-17:50 25.09 156.60 43.90 8.67 0.00 385.00
2.Spot |17:50-18:10 25.23 39.40 43.00 8.56 0.00 390.00
3.Spot | 18:10-18:30 25.19 11.90 44.10 8.75 0.00 402.00
1.Spot 7:00-7:20 19.51 1.90 58.90 8.44 0.00 418.00
2.Spot 7:20-7:40 19.48 14.40 58.00 8.30 0.00 408.00
9 Aug 2012 3.Spot 7340-8:0.0 19.87 6.90 57.50 8.41 0.00 404.00
1.Spot |17:30-17:50 / / / / / /
2.Spot |17:50-18:10 / / / / / /
3.Spot | 18:10-18:30 / / / / / /
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
3.Spot 7:40-8:00 / / / / / /
19 Aug 2012 1.Spot |17:30-17:50 30.67 13.10 30.10 8.08 0.00 380.00
2.Spot |17:50-18:10 30.62 36.90 31.50 8.43 0.00 392.00
3.Spot | 18:10-18:30 30.72 11.90 33.20 8.93 0.00 380.00
1.Spot 7:00-7:20 20.41 0.60 62.50 9.44 0.00 490.00
2.Spot 7:20-7:40 20.96 4.40 61.40 9.58 0.00 542.00
20 Aug 2012 3.Spot 7340-8:0.0 21.44 5.60 60.10 9.64 0.00 545.00
1.Spot |17:30-17:50 35.29 13.10 27.90 9.55 0.00 422.00
2.Spot |17:50-18:10 34.97 34.40 27.10 9.12 0.00 415.00
3.Spot |18:10-18:30 34.86 9.40 26.50 8.87 0.00 424.00
1.Spot 7:00-7:20 25.14 1.90 57.20 11.32 0.00 398.00
2.Spot 7:20-7:40 25.23 9.40 57.30 11.41 0.00 410.00
21 Aug 2012 3.Spot 7f40_8:90 25.31 9.40 57.40 11.47 0.00 438.00
1.Spot |17:30-17:50 30.90 13.10 33.70 9.15 0.00 435.00
2.Spot |17:50-18:10 30.82 35.60 33.90 9.17 0.00 420.00
3.Spot | 18:10-18:30 30.57 8.10 34.50 9.21 0.00 413.00
1.Spot 7:00-7:20 22.37 1.90 65.30 11.05 0.00 516.00
2.Spot 7:20-7:40 22.61 5.60 65.40 11.22 0.00 538.00
22 Aug 2012 3.Spot 7f40_8:90 22.68 8.10 63.80 10.99 0.00 539.00
1.Spot |17:30-17:50 / / / / / /
2.Spot |17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
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Table 9.5

Exact dates and time of mobile measurements with minimum values for the monitored parameters at

Herbststrasse

Herbststrasse - Minimum values

DATE PLACE TIME Air Temperature Solar Radiation Relative Humidity Absolute Humidity Wind Speed Cco2
rcl Wim2] [C] [g/kg dry air] [m/s] [ppm]
1.Spot | 7:00-7:20 16.94 26.00 58.00 7.14 0.00 389.00
2.Spot | 7:20-7:40 16.78 26.00 61.00 7.43 0.00 395.00
17 July 2012 3.Spot | 7:40-8:00 16.44 65.00 62.00 7.40 0.45 404.00
1.Spot |17:30-17:50 21.67 21.00 50.00 8.13 1.79 335.00
2.Spot |17:50-18:10 21.28 67.00 50.00 7.94 1.79 339.00
3.Spot [18:10-18:30 20.89 33.00 52.00 8.08 2.68 355.00
1.Spot | 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
7 Aug 2012 3.Spot 7540-8:C.J0 / / / / / /
1.Spot | 17:30-17:50 25.89 63.00 41.00 8.47 0.45 352.00
2 Spot |17:50-18:10 25.33 56.00 42.00 8.41 0.00 348.00
3.Spot |18:10-18:30 24.83 35.00 43.00 8.37 0.45 351.00
1.Spot | 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
8 Aug 2012 1.Spot |17:30-17:50 26.06 396.00 40.00 8.34 0.00 337.00
2.Spot |17:50-18:10 25.28 292.00 41.00 8.18 0.00 337.00
3.Spot [18:10-18:30 25.39 211.00 43.00 8.63 0.00 342.00
1.Spot | 7:00-7:20 20.44 21.00 57.00 8.63 0.00 367.00
2.Spot | 7:20-7:40 20.28 70.00 58.00 8.70 0.00 374.00
9 Aug 2012 3.Spot 7540-8:C.JO 20.11 56.00 58.00 8.61 0.00 359.00
1.Spot | 17:30-17:50 / / / / / /
2.Spot |17:50-18:10 / / / / / /
3.Spot [18:10-18:30 / / / / / /
1.Spot | 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
19 Aug 2012 1.Spot | 17:30-17:50 31.39 387.00 28.00 7.81 0.00 330.00
2.Spot |17:50-18:10 31.56 253.00 29.00 8.16 0.00 360.00
3.Spot |18:10-18:30 31.28 188.00 31.00 8.59 0.00 358.00
1.Spot | 7:00-7:20 21.06 28.00 62.00 9.73 0.00 442.00
2.Spot | 7:20-7:40 21.06 35.00 62.00 9.73 0.00 457.00
20 Aug 2012 3.Spot | 7:40-8:00 21.50 28.00 61.00 9.82 0.00 445.00
1.Spot |17:30-17:50 36.17 359.00 26.00 9.32 0.00 350.00
2.Spot |17:50-18:10 36.06 223.00 24.00 8.55 0.00 353.00
3.Spot [18:10-18:30 35.67 167.00 24.00 8.38 0.00 352.00
1.Spot | 7:00-7:20 25.33 32.00 58.00 11.61 0.45 383.00
2.Spot | 7:20-7:40 25.33 49.00 58.00 11.61 0.00 384.00
21 Aug 2012 3.Spot 7540-8:C.J0 25.33 70.00 58.00 11.61 0.00 383.00
1.Spot |17:30-17:50 31.22 374.00 32.00 8.84 0.00 366.00
2 Spot |17:50-18:10 31.83 186.00 31.00 8.85 0.00 378.00
3.Spot |18:10-18:30 31.06 46.00 33.00 9.04 0.00 363.00
1.Spot | 7:00-7:20 23.00 25.00 64.00 11.23 0.00 429.00
2.Spot | 7:20-7:40 23.06 56.00 64.00 11.26 0.00 443.00
3.Spot | 7:40-8:00 23.11 51.00 64.00 11.30 0.00 449.00
22 Aug 2012 1.Spot |17:30-17:50 / / / / / /
2.Spot |17:50-18:10 / / / / / /
3.Spot [18:10-18:30 / / / / / /
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Table 9.6

Exact dates and time of mobile measurements with maximum values for the monitored parameters

at Koppstrasse
Koppstrasse - Maximum values
DATE PLACE TIME Air Temperature Solar Radiation Relative Humidity Absolute Hum.idity Wind Speed COo2
[°Cl] [Wim2] %] [g/kg dry air] [m/s] [ppm]
1.Spot 7:00-7:20 16.70 8.10 62.50 7.58 0.76 504.00
2.Spot 7:20-7:40 16.70 69.40 61.90 7.51 0.00 521.00
17 July 2012 3.Spot 7:40-8:00 16.70 61.90 65.00 7.88 1.52 450.00
1.Spot |17:30-17:50 21.37 43.10 52.80 8.43 2.28 430.00
2.Spot [17:50-18:10 21.58 191.90 52.00 8.41 3.43 421.00
3.Spot |18:10-18:30 21.27 25.60 53.50 8.50 2.66 424.00
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
7 Aug 2012 3.Spot 7:40-8:00 / / / / / /
1.Spot |17:30-17:50 25.62 129.40 44.70 9.09 0.00 408.00
2.Spot [17:50-18:10 25.84 46.90 44.80 9.23 0.00 421.00
3.Spot |18:10-18:30 25.77 156.60 45.20 9.27 0.00 415.00
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
3.Spot 7:40-8:00 / / / / / /
8 Aug 2012 1.Spot |17:30-17:50 25.45 19.40 45.60 9.19 0.00 454.00
2.Spot |17:50-18:10 25.55 203.10 44.50 9.02 0.00 439.00
3.Spot |18:10-18:30 25.55 29.40 44.90 9.10 0.00 426.00
1.Spot 7:00-7:20 19.79 8.10 60.30 8.79 0.38 466.00
2.Spot 7:20-7:40 19.84 20.60 59.60 8.71 0.00 469.00
9 Aug 2012 3.Spot 7340-8:0.0 20.32 11.90 58.40 8.77 0.00 484.00
1.Spot |17:30-17:50 / / / / / /
2.Spot [17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
3.Spot 7:40-8:00 / / / / / /
19 Aug 2012 1.Spot |17:30-17:50 31.71 88.10 32.20 9.13 0.00 444.00
2.Spot |17:50-18:10 31.10 41.90 33.30 9.14 0.00 437.00
3.Spot |18:10-18:30 31.00 20.60 34.00 9.28 0.38 433.00
1.Spot 7:00-7:20 20.94 11.90 63.90 9.95 0.00 562.00
2.Spot 7:20-7:40 21.39 5.60 62.70 10.03 0.00 570.00
20 Aug 2012 3.Spot 7:40-8:00 22.20 8.10 61.30 10.27 0.00 600.00
1.Spot |17:30-17:50 36.04 156.60 28.60 10.18 1.52 480.00
2.Spot [17:50-18:10 35.26 46.90 28.20 9.64 0.00 455.00
3.Spot |18:10-18:30 35.00 14.40 27.50 9.27 0.00 462.00
1.Spot 7:00-7:20 25.43 3.10 58.20 1.71 0.38 463.00
2.Spot 7:20-7:40 25.40 15.60 58.10 11.68 0.76 468.00
21 Aug 2012 3.Spot 7f40_8:90 25.43 19.40 57.80 11.63 0.38 491.00
1.Spot |17:30-17:50 31.03 363.10 35.20 9.63 0.00 470.00
2.Spot [17:50-18:10 31.08 80.60 35.60 9.76 0.00 487.00
3.Spot |18:10-18:30 31.03 16.90 37.00 10.12 0.76 495.00
1.Spot 7:00-7:20 22.63 4.40 68.10 11.70 0.00 601.00
2.Spot 7:20-7:40 22.68 9.40 66.90 11.62 0.00 600.00
22 Aug 2012 3.Spot 7:40-8:00 22.97 10.60 65.50 11.47 0.00 578.00
1.Spot |17:30-17:50 / / / ] 7 7
2.Spot [17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
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Table 9.7

Exact dates and time of mobile measurements with maximum values for the monitored parameters

at Herbststrasse

Herbststrasse - Maximum values

DATE PLACE TIME Air Temperature Solar Radiation Relative Humidity Absolute Humidity =~ Wind Speed C02
rCl Wim2] [%] [g/kg dry air] [mi/s] [ppm]
1.Spot 7:00-7:20 18.00 40.00 60.00 7.86 0.89 412.00
2.Spot | 7:20-7:40 16.89 77.00 62.00 7.61 1.79 417.00
17 July 2012 3.Spot | 7:40-8:00 16.78 107.00 66.00 8.04 1.79 420.00
1.8pot |17:30-17:50 21.94 531.00 52.00 8.58 4.02 385.00
2.Spot |17:50-18:10 21.94 461.00 52.00 8.58 4.47 379.00
3.Spot | 18:10-18:30 21.39 387.00 54.00 8.63 5.36 379.00
1.Spot 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
7 Aug 2012 1.8pot |17:30-17:50 26.28 381.00 42.00 8.86 224 370.00
2.Spot |17:50-18:10 25.78 202.00 43.00 8.82 1.34 369.00
3.Spot | 18:10-18:30 25.22 148.00 44.00 8.75 2.68 367.00
1.Spot 7:00-7:20 / / / / / /
2.Spot | 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
8 Aug 2012 1.8pot |17:30-17:50 27.06 457.00 43.00 9.48 2.68 352.00
2.Spot |17:50-18:10 26.22 357.00 44.00 9.25 2.24 398.00
3.Spot | 18:10-18:30 26.06 265.00 44.00 9.17 1.34 370.00
1.Spot 7:00-7:20 20.61 60.00 58.00 8.86 0.45 391.00
2.Spot | 7:20-7:40 20.33 91.00 58.00 8.72 0.00 389.00
3.Spot | 7:40-8:00 20.33 69.00 58.00 8.72 1.34 384.00
9 Aug 2012 1.8pot |17:30-17:50 / / / / / /
2.Spot | 17:50-18:10 / / / / / /
3.Spot | 18:10-18:30 ! / / / / /
1.Spot 7:00-7:20 / / / / / /
2.Spot 7:20-7:40 / / / / / /
3.Spot | 7:40-8:00 / / / / / /
19 Aug 2012 1.8pot |17:30-17:50 31.89 439.00 30.00 8.59 1.34 373.00
2.Spot | 17:50-18:10 32.61 294.00 31.00 9.22 1.34 404.00
3.Spot | 18:10-18:30 31.61 246.00 32.00 9.03 0.89 384.00
1.Spot 7:00-7:20 21.33 30.00 62.00 9.88 0.45 460.00
2.Spot 7:20-7:40 21.28 39.00 63.00 10.01 0.00 476.00
20 Aug 2012 3.Spot | 7:40-8:00 21.89 28.00 62.00 10.20 0.45 490.00
1.8pot |17:30-17:50 36.39 418.00 26.00 9.42 224 363.00
2.Spot | 17:50-18:10 36.56 267.00 26.00 9.50 1.34 375.00
3.Spot | 18:10-18:30 36.06 223.00 25.00 8.91 1.79 395.00
1.Spot 7:00-7:20 25.44 39.00 59.00 11.88 3.13 392.00
2.Spot 7:20-7:40 25.39 72.00 58.00 11.65 2.68 402.00
21 Aug 2012 3.Spot | 7:40-8:00 25.39 76.00 58.00 11.65 3.13 390.00
1.8pot |17:30-17:50 31.44 431.00 33.00 9.23 1.34 386.00
2.Spot | 17:50-18:10 32.22 279.00 33.00 9.62 0.89 424.00
3.Spot | 18:10-18:30 31.61 248.00 34.00 9.59 1.34 387.00
1.Spot 7:00-7:20 23.06 39.00 64.00 11.26 0.00 447.00
2.Spot 7:20-7:40 23.17 76.00 64.00 11.34 0.45 461.00
3.Spot 7:40-8:00 23.28 72.00 64.00 11.41 0.00 465.00
22 Aug 2012 = T 5017 50 7 7 7 7 7 7
2.Spot | 17:50-18:10 / / / / / /
3.Spot |18:10-18:30 / / / / / /
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1. SVF = 0.350 2. SVF = 0.495 3. SVF =0.450

Figure 9.16 Fisheye pictures at Koppstrasse (upper figure) and Herbststrasse (down figure) taken at
noon on 16" June 2012 (ordered: first, second and third spot). Sky view factors calculated according
to Holmer et al. (2001)

9.4 Computer simulations

Mean absolute humidity differences between Herbststrasse and Koppstrasse in Base Case
are shown in Figure 9.17. Absolute humidity differences between Base Case and
Improvement cases can be seen in Figures 9.18 - 9.21. Differences of surface

temperatures for case C1 (white concrete) are displayed in Figure 9.22.
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Figure 9.17 Mean absolute humidity differences between Herbststrasse and Koppstrasse in BC
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Figure 9.18 Mean absolute humidity differences between BC and C1 (white concrete case)
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Figure 9.19 Mean absolute humidity differences between BC and C2 (increased albedo case)
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Figure 9.20 Mean absolute humidity differences between BC and C3 (trees case)
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Figure 9.21 Mean absolute humidity differences between BC and C4 (combined cases)
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Figure 9.22 Mean surface temperature differences between BC and C1 (white concrete case)
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