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Abstract 

The urban thermal environment is deteriorating due to climate change and rapid 

urbanization. It results in a number of problems related to well-being of humans such 

as an increase in heat stress. The present paper studied a case of bad thermal comfort, 

during an episode of strong solar radiation, high temperature and low wind speed in 

Dutch city, Rotterdam. Due to global warming, such cases are predicted to occur more 

frequently in the future. This paper shows that the increased heat stress caused by 

global temperature rise can be mitigated by increasing the vegetation cover of surface 

area and increasing shading effects by changing urban design. More compact urban 

patterns with deeper street canyons and vegetated building surface are also suggested 

to improve the thermal comfort and mitigate the effects of climate change in urban 

areas. 

 

Key words: Urban planning, greenness, climate change, urban types, thermal 

comfort, heat stress 
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Summary 

Significant warming occurs in urban areas with the global temperature rise, giving 

rise to the potential for negative impacts on human health. The creation of thermally 

comfortable microclimates in urban areas is therefore important. To discover the 

optimal way to mitigate the effects of climate change on thermal comfort by 

regulating the developments of greenness in urban planning, a case of bad thermal 

comfort, during an episode of strong solar radiation, high temperature and low wind 

speed is studied simulating in different urban types.  

Three types of urban configuration are studied. Compact mid-rise city refers to the 

city of dense mix of mid-rise buildings with few or no trees; open mid-rise city refers 

to the city has open arrangement of mid-rise buildings with low plants and scattered 

trees; mixed low-rise buildings is typical Dutch urban landscape with low rise 

buildings and low plants. In this study, the Universal Thermal Climate Index (UTCI) 

is used to represent the heat stress. UTCI is an equivalent temperature for a given 

combination of wind, radiation, humidity and air temperature, normally used for 

outdoor thermal conditions.  

This paper reports on the influence of greenness on human thermal comfort in urban 

areas. The increase of urban greenness decreases heat stress by reducing air 

temperature, mean radiant temperature, wind speed and humidity. The heat stress 

decreases by increasing greenness but the relation with vegetation types remains 

unclear. Urban configuration has a significant influence on the urban thermal comfort 

and consequently plays a role in the mitigation of heat stress caused by climate 

change at street level. The UTCI of mid-age workers is larger than the one of elder 

people under the same condition of greenness. However, due to the assessment scales 

accordance with their different characteristics, their heat stress won’t differ.  

Based on the UTCI assessments scales, the current thermal conditions of compact 

mid-rise and mixed low-rise cities are below strong heat stress level; while the 

thermal condition of open mid-rise is above strong heat stress level. In urban areas, 

the increases in heat stress caused by global temperature rise can be mitigated by 

increasing the fraction of greenness. The mitigation efficiency of compact mid-rise 

city is the highest among these three urban types, following by mixed low-rise city. 

With the further expansion of urban environment and limited redevelopment 

opportunities, green or vegetative rooftops offers a potentially attractive mitigation 

strategy by increasing green cover without having to change the urban configuration. 
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1 Introduction 

Half of the world’s population resides in cities and the majority of projected 

population growth is expected to occur in cities (Cohen, 2003). Urban development 

induces regional climate change which further results in the changes in coupled 

human-ecological systems (Jenerette et al., 2007). The Urban Heat Island (UHI) effect 

is a world-wide phenomenon in urban areas which refers to the higher atmospheric 

warmth of a city compared to the countryside (Stewart and Oke, 2012). Also 

urbanization will cause even higher temperatures in urbanized areas (Johansson and 

Emmanuel, 2006). To this extent, the increased urbanization leads to a greater interest 

in urban meteorology because it governs the environmental quality of human living 

and working areas (Steeneveld et al., 2011). Understanding the meteorological effects 

of urban planning and the impact of urban design on human quality of life is therefore 

of growing importance.  

Climate variation in many regions results from variation in the urban greenness 

(Smith and Johnson, 2004). Urban greenness may play a role between patterns of 

human settlement and regional climate spatial variability (Jenerette et al., 2007). The 

cooling effect of urban greenness such as urban forests (parks), street trees, private 

green in gardens and green roofs or façades on urban heat island has been studied by 

many scientists (Oláh, 2012; Pompeii et al., 2011; Zoulia et al., 2009). 

However, human comfort -- the way human beings experience climate conditions -- is 

more relevant rather than the change of temperature or the variability of regional 

climate (Steeneveld et al., 2011). Thermally comfortable outdoor environments will 

also have a positive influence on the indoor climate, which will lead to lower energy 

use for space conditioning (Johansson and Emmanuel, 2006). The concern of 

thermally comfortable microclimate in urban environment is therefore a main 

objective of urban planning. 

1.1 Problem statement 

The projected changes in temperature and precipitation due to global warming will 

affect human health directly and indirectly (Patz et al., 2005). According to the US 

National Academy of Sciences and Royal Society (2014), a small increase of global 

temperature will result in widespread changes in regional temperature with increases 

in heat stress in local areas. The regional temperature changes increase the risks of 

heat wave events represents a serious public health concern (Bowler et al., 2010). 
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Heat waves have been linked with heat stroke, hyperthermia and increased mortality 

rates (Stott et al., 2004; Tan et al., 2007). 

However urban thermal issues related to climate change are often neglected in urban 

planning (Watkins et al., 2007). The impacts of climate change resulting from 

impaired health and comfort of human residents, especially in different urban types 

are difficult to calculate (Baker et al., 2002; Jenerette et al., 2007). A consequence of 

neglecting issues in urban planning could increase the mortality and morbidity, 

especially in urban areas. This has already been reported during the 2003 European 

heat wave (Watkins et al., 2007). 

There is a pressing need to evaluate strategies that may mitigate further increases in 

temperatures in urban areas and associated negative impacts on human thermal 

comfort from the perspective of urban planning (Bowler et al., 2010). Urban 

greenness can be used to mitigate the adverse effects of climate change.  

1.2 Objectives and research questions 

This MSc study aims to [1] analyse the influence of urban greenness on thermal 

comfort for different urban types and [2] analyse if heat stress under climate change 

can be mitigated by increasing urban greenness. 

Research questions 

1  What is the relationship between of urban greenness and urban thermal comfort? 

- What are the key influential factors of urban thermal comfort? 

- How do these factors influence urban thermal comfort? 

- How are these factors influenced by urban greenness? 

2  How is thermal comfort influenced by different urban types? 

3  How does urban greenness influence the heat stress under climate change? 

To achieve the objectives, the above research questions are put forward. The first 

question and sub questions contribute towards the analysis of the influence of urban 

greenness on thermal comfort; the second question specifies these influences into 

different urban types. Based on the answers of these questions, the influence of 

climate change is added into the changes of thermal comfort (RQ3 How does urban 

greenness influence the heat stress under climate change?). The research questions are 

answered by the results from the calculation of heat stress. The heat stress is 
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calculated from the environmental parameters, wind speed, humidity, air temperature 

and solar radiation. To analyse the mitigation of heat stress, scenarios are structured. 

According to the problem statement, scenarios are from three dimensions, climate 

change, urban typology and variation of greenness. The research methods will be 

further explained in Chapter 2 (“Methods”).  

1.3 Relevance of study 

The results of this study will provide important insights for urban planning on how to 

mitigate heat stress under climate change and improve urban thermal comfort from 

the perspective of urban greenness design. By identifying the interacting effects of 

thermal comfort, regional climate and greenness in urban areas, we can better plan 

urban functions and develop more sustainable and comfortable environments to 

support a growing and urbanizing global population (Jenerette et al., 2007). To this 

extent, understanding urban induced thermal comfort change will help in urban 

planning to better support the urban habitat. 

1.4 Structure of the report 

The present report started with the introduction of the topic and problem statement of 

urban thermal comfort. The whole storyline of the following report has three main 

parts: how to answer the research question (Chapter 2 “Methods”), what are the 

answers to the research questions (Chapter 3 “Results” and chapter 4 “Discussion”) 

and then how to apply the results (Chapter 5 “Conclusion and recommendation”).   
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2 Methods 

This chapter describes the methods used in this MSc study. The chapter starts with the 

conceptual framework (Section 2.1), and then refers to methods for data collection 

and calculation for the analysis in the study (Section 2.2 - 2.6) and ends with the 

explanation of scenario analysis (Section 2.7).  

2.1 Conceptual framework  

Research efforts regarding the investigation of urban greenness have increased 

strongly in the past years (Andrade, 2007; Baker et al., 2002; Bowler et al., 2010; 

Nowak et al., 1996; Oláh, 2012; Smith and Johnson, 2004). They have provided many 

insights in how to mitigate the Urban Heat Island (UHI) or cooling effects of urban 

greenness. In spite of the work done so far, it is essential to capture the pathway in 

which urban planning contributes to the thermal urban environment. Figure 1 shows 

the conceptual framework of this study. 

 

Figure 1 Conceptual framework for linking urban planning and human thermal comfort 

People commonly use air temperature to represent thermal comfort. However, air 

temperature alone is neither a valid nor an accurate indicator of thermal comfort or 

heat stress; it should always be considered in relation to other environmental and 

personal factors (Ramphal, 2000). According to Johansson and Emmanuel (2006), the 

outdoor thermal comfort is influenced by air temperature, radiant temperature, air 

velocity and humidity. Besides, thermal comfort is highly dependent on clothing 

insulation. If clothing does not provide enough insulation, the wearer may be at risk 
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from cold injuries such as frost bite or hypothermia in cold conditions (Ramphal, 

2000).The metabolic rate is the heat humans produce inside bodies from carrying out 

physical activities. The impact of metabolic rate on thermal comfort is critical 

(Ramphal, 2000). However, these two personal parameters are not measurable or 

predictable in general, and further they highly depend on concrete situations and 

personal styles.  

The term “urban planning” in this MSc research is limited to urban greenness and 

urban configuration. The change in greenness induced by planning is likely to be an 

important linkage between thermal comfort and local climate since the cooling effects 

have been proven by many studies mentioned above. Mainly for the study, the 

summary ideas are to analyse the influence of urban greenness on thermal comfort 

and apply the results to urban planning.  

Different urban types with different configuration might also lead to different 

influences on regional climate change (Baker et al., 2002). For example, UHI is a 

typical phenomenon caused by intensive urban configuration and expresses in 

regional temperature rise(Oláh, 2012). Therefore, in addition to the effects of global 

and regional climate change on urban areas, urban configuration also affects the 

climate change. In this study, regional or global climate changes are simplified as the 

temperature rise, especially the rise of air temperature.  

The variation of greenness fractions in urban areas plays an important role in thermal 

comfort by influencing the temperature and humidity. For example, Andrade and 

Vieira (2007) reports a significant temperature difference between measurements in 

areas with more trees and the surrounded area compared to those under only one tree. 

As well as the urban typology, the thermal comfort might differ from compact city to 

open city, from mid-rise buildings to low-rise buildings. As mentioned above, climate 

change is associated with widespread changes in regional temperature with increases 

in heat stress in local areas.  

In addition, planning is a human-oriented process, in which the performers and 

beneficiaries are both human beings. In urban systems humans control the amount, 

type, and pattern of greenness by urban planning and design. Meanwhile, the different 

living style and behaviours lead to different conditions of thermal comfort. So the 

human influences both the planning and thermal comfort. On one hand, the urban type 

influences the thermal comfort; on the other hand, the human thermal comfort also 

provides feedbacks of thermal perception and urban greenness. These feedbacks will 
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be converted to the re-design of urban functions and urban planning again by human 

beings as shown in figure 1.  

2.2 Data collection  

Data used in this study are mainly derived from the Weather Research and 

Forecasting model (WRF). The WRF model is a fully compressible, non-hydrostatic 

weather model with multi-nested domains, and numerous physical parameterizations 

developed by the National Centre for Atmospheric Research (NCAR) (Dudhia et al., 

2008).To investigate the relation between urban greenness and human thermal 

comfort, the single-column model version of WRF is used extensively to simulate the 

greenness variables. The simulation runs are done for the city of Rotterdam, in a case 

of warm, clear days with high air temperature, strong radiation and low wind speed.  

A literature review also contributes towards answering the research questions as one 

of the data collection methods. For instance, in the definition of the parameters for 

calculating thermal comfort, literature review is involved.  

2.3 Urban types 

According to the research questions, one of the questions is to analyse the difference 

of the influence of greenness on the thermal comfort in different urban types. Data of 

five urban types are provided by the WRF model, which are compact mid-rise city, 

open mid-rise city, compact low-rise city, open low-rise city and mixed low-rise city. 

However, mixed low-rise city is the combination of compact low-rise and open 

low-rise. The classification of these urban types is based on the study of Stewart and 

Oke (2012). Considering the possible overlap among urban types, mixed low-rise city 

is selected to represent a mixed low-rise type. Therefore, three types of urban 

configuration are discussed with the change of greenness. Table 1 describes the 

characteristics of three selected urban types. More information of other urban types 

can be found in Appendix 1.  
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Table 1  Abridged definitions for selected urban types. Adapted from Stewart and Oke (2012) and 

Steeneveld and Koopmans (2013, draft). 

2.4  Choice of thermal comfort index 

The characterization of the thermal environment requires the application of a 

complete heat budget model that takes all mechanisms of heat exchange in account. 

(Blazejczyk et al., 2012) Cities and urbanized areas have specific climate conditions. 

The most significant features of urban climate are: the Urban Heat Island, wind speed 

reduction and great spatial difference of solar radiation penetrating to the bottom of 

street canyons. (Blazejczyk et al., 2012) The difficulty of measuring thermal comfort 

in complex urban environment is caused by the lack of appropriate indices (Spagnolo 

and De Dear, 2003). Recent studies have often used the most common thermal 

comfort indices such as the predictive mean vote (PMV), the effective temperature 

(ET), physical equivalent temperature (PET) and the standard effective temperature 

(SET) (Johansson and Emmanuel, 2006).  

Urban types Definition 

Compact midrise City 

 

Dense mix of midrise buildings (3–9 storeys). Few or no trees. 

Land cover mostly paved. Stone, brick, tile, and concrete 

construction materials.  

Current fraction of greenness: 15%. 

Open midrise City Open arrangement of midrise buildings (3–9 storeys).  

Abundance of pervious land covers (low plants, scattered trees).  

Concrete, steel, stone, and glass construction materials. 

Current fraction of greenness: 60%. 

Mixed low-rise city Intermediate size chosen compact low-rise and open low rise. (see 

Appendix 1)  

The row houses represent a dwelling built between 1975 and 1991 

and the green fraction is average for a neighbourhood with 

terraced houses.  

This area is located in terms of green factor road width, thermal 

conductivity. The canyon widths between the houses correspond 

to the district New Gent. New Gent is a fraction greener. 

Current fraction of greenness: 40%. 
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PMV is an empirical index and it has been developed based physiologically on a 

steady-state model of thermal exchanges between the human body and the 

environment (Yao et al., 2009); ET is a single-figure index numerically equivalent to 

the temperature of still, saturated air, which produces an identical 

sensation(Böhm-Vitense, 1981); PET is defined as the air temperature at which, in a 

typical indoor setting (without wind and solar radiation) (Höppe, 1999); SET is a 

comfort index that was developed based upon a dynamic two-node model of the 

human temperature regulation (Ye et al., 2003). However, these indices are based on 

steady-state heat balance equations of the body (Johansson and Emmanuel, 2006). 

The index-values are the combination of meteorological input values but not 

corresponding meaningful strain intensity.(Blazejczyk et al., 2012) Particular indices 

express climatic conditions reasonably only in specific situations (Blazejczyk et al., 

2012), which make the index not appropriate for urbanized areas.  

The Universal thermal climate index (UTCI) is a temperature equivalent for a given 

combination of wind, radiation, humidity and air temperature is defined as they are 

temperature in the reference condition of humidity, radiation and wind speed. 

(Jendritzky et al., 2012) It is an index that represents various climates, weather and 

locations very well. (Blazejczyk et al., 2012) Furthermore, UTCI is capable of taking 

small changes in microclimate into account. For example, it is very sensitive to 

changes in ambient stimuli: temperature, solar radiation, humidity and especially in 

wind speed. (Blazejczyk et al., 2012) The close relationship of humans to the thermal 

component of the atmospheric environment is self-evident and belongs to everybody’s 

daily experience. (Jendritzky et al., 2012) It respects the response of human body. 

(Blazejczyk et al., 2012) 

UTCI represents the variability of thermal conditions under a wide range of climatic 

situations better than other indices. (Blazejczyk et al., 2012) Since this study aims at 

analysing the trend of thermal comfort in variation of urban greenness rather than 

calculating the exact thermal comfort, Universal Thermal Comfort assessments 

provide the basis for a wide range of applications in public and individual 

precautionary planning such as urban and regional planning (Bröde et al., 2009). 

2.5 Calculation of Universal Thermal Climate Index 

As mentioned in “conceptual framework”, greenness cannot influence thermal 

comfort directly but via four environmental parameters (wind speed, air temperature, 

solar radiation and humidity). These four environmental parameters are the elements 
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of UTCI. The ways they influence UTCI are shown below. In the calculation of UTCI, 

the data input of air temperature, wind speed and humidity can be calculated from the 

WRF parameters. However, solar radiation needs further calculation. Thus, the 

calculation of solar radiation is explained below.  

Elements of UTCI  

As UTCI is used to represent the condition of outdoor human thermal comfort, four 

environmental parameters of thermal comfort, wind speed, air temperature, humidity 

and solar radiation, the solar radiation is represented by mean radiant temperature in 

the calculation. The operational procedure was completed by simplified algorithms 

for computing UTCI values from air temperature (Ta), wind speed (va), mean radiant 

temperature (Tmrt) and water vapour pressure (Pa) as input by regression equations. 

Often Tmrt is not considered itself but as deviation from Ta (Tmrt-Ta) (Broede, 2009), 

“Tmrt-Ta” is used to explain the role of radiation in the human heat budget. Therefore 

the equation (Broede, 2009) can be simply expressed (with the limitation of each 

variable) as:  

UTCI = f (Ta, va, Pa, Tmrt-Ta)                                      (Function 1) 

- Ta: air temperature (0 to +50 °C) 

- Tmrt: mean radiant temperature (30 °C above air temperature) 

- va: wind speed (0.5 to 17 m/s) 

- Pa: humidity in kpa (below 100% relative humidity) 

The convenience of using Tmrt -Ta is e.g. illustrated when discussing the effects of 

shading sun irradiation in urban design. In shady conditions, air temperature (Ta) is 

approximately equal to Tmrt, so Tmrt-Ta becomes zero (or will at least be reduced) 

by applying shading devices (like trees), thus indicating the shading effect 

independently from the actual Ta. It would have been possible to develop a regression 

equation giving the same UTCI value for each combination of (Ta, Tmrt, va, Pa) 

using Tmrt directly, of course the coefficients would have been different (Broede, 

2009). 

The way that environmental parameters affect urban thermal comfort (UTCI) is 

shown in figure 2. Definitive periods are set for each environmental parameter 

according to the allowed range of UTCI calculation (Broede, 2009). Only one of the 

environmental parameters varies between realistic intervals, other three are assumed 
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consistent in the meantime. The medians of range for each parameter are derived from 

the meteorological data of WRF model.  

 

Figure 2 Trends of UTCI by changing single variable in the calculation 

From figure 2, air temperature, radiant temperature and humidity have positive 

relations with UTCI, which means that UTCI increases with the increase of these 

three parameters. UTCI decreases when wind speed increases in the interval from 

0.5m/s to 17m/s, while the growth rate is not constant. The relation curve of 

UTCI-humidity presents the growth rate of UTCI is approximately constant until the 

humidity achieve 4 kpa (approximate). After the cross point, UTCI increases with the 

humidity sharply. 

Calculation of mean radiant temperature 

The mean radiant temperature (Tmrt) is determined by an integral radiation 

measurement. Tmrt can be determined if the total of all absorbed radiant flux densities 

(Srad) is known. In order to calculate Srad, short-wave and long-wave radiation fluxes 

are derived respectively.  
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As the study is to analyse the thermal comfort in urban areas, so the object that 

absorbs radiant fluxes is assumed to stay in the urban street canopy environment. 

Surrounding urban structures or obstacles modify the visible horizon and incoming 

radiation fluxes (Matzarakis and Matuschek, 2011). The calculation of solar radiation 

fluxes is complicated for complex urban forms and simplifications are thus necessary 

to carry out analysis. The modification can be gained by estimating the sky view 

factors (Matzarakis et al., 2007). Therefore, we used sky view factors (Wn) to 

calculate the solar radiant fluxes. The sky view factor (Wn) depends on the different 

urban types. In this study, for a (rotationally symmetric) standing or walking person, 

the sky view factor for compact mid-rise city (W2) is set to 0.45 (Stewart and Oke, 

2012); W5 is set to 0.65 for radiation fluxes of open mid-rise city (Stewart and Oke, 

2012); for mixed low-rise city, the typical Dutch urban landscape, Wcon is set to 0.5 

by combining the sky view factors of compact low-rise city and open low-rise city.  

The long-wave radiant fluxes includes upwards (from ground), downwards and 

surroundings (from buildings/walls), three individual measurements of long-wave 

radiation fluxes have to be multiplied by the sky view factors Wn (n represents 

different urban types) between human body and the surrounding surfaces. For the 

short-wave radiant fluxes, they are calculated from downward shortwave radiation 

fluxes and sky view factor; the influence of elevation angle (solar position) is 

assumed to be balanced out by the shadowing effects.  

The short-wave radiation (K) and downward long-wave radiation (Ld) are derived 

from the WRF simulations and the upwards (Lu) and surrounding short-wave 

radiation (Ls) are calculated from the skin temperature of road and walls by 

Stefan-Boltzmann law. (See function 3)  

𝑺𝒓𝒂𝒅 = (𝑲 ∗ 𝑾𝒏 ∗ 𝒂𝒌) + 𝒂𝒍 ∗ {𝟎. 𝟓 ∗ 𝑾𝒏 ∗ 𝑳𝒅 + 𝟎. 𝟓 ∗ 𝑳𝒖 + 𝟎. 𝟓(𝟏 − 𝑾𝒏) ∗ 𝑳𝒔 } 

                                                                (Function 2) 

Srad: Total of all absorbed radiant flux densities (Wm
-2

) 

K: Short-wave radiant flux densities (downward) 

Wn: Sky view factor (n is determined by urban types) 

ak: Short-wave absorption coefficient (standard value 0.7) 

al: Long-wave absorption coefficient (standard value 0.97) 

Lu: Long-wave radiant flux densities upwards 

Ld: Long-wave radiant flux densities downwards 
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Ls: Long-wave radiant flux densities surroundings 

If Srad is known, the Tmrt (°C) can be calculated from the Stefan–Boltzmann law, the 

mean radiant temperature is represented mathematically as: 

𝑻𝒎𝒓𝒕 = [
𝑺𝒓𝒂𝒅

𝜺∗𝝈
]

𝟎.𝟐𝟓
− 𝟐𝟕𝟑. 𝟏𝟓(℃)                                      (Function 3) 

Tmrt: Mean radiant temperature 

ε: Emissivity of human body (0.97) 

σ: Stefan-Boltzmann constant (5.67*10
-8

Wm
-2

k
-4

) 

Since model cannot produce UTCI thermal results, this operation is implemented in 

the R software as a numerical approximation to the calculation of UTCI.  

2.6 Human exposure 

The assessment of the thermo-physiological effects of the urban environment is one of 

the key issues in both meteorology and urban planning. In this study, we chose the 

indicator UTCI to reflect the change of thermal comfort by varying urban greenness 

in different urban types. However, sensible temperature might change in different 

environments and body conditions. Therefore, the heat stress at a given temperature 

might vary dependent on the time periods within a day. For example, people might 

feel more heat stress in midnight than in the morning at the same temperature of 25 ° 

C.  

Night-time temperature does play a role in heat stress, especially in heat stress. 

Night-time physiological equivalent temperatures [PET] higher than this value (18 ° C) 

do not allow the human body to recover from the daytime extreme heat stress 

(Amengual et al., 2014). The PET here is related to UTCI. Grize et.al (2005) also 

report that the night-time temperature was significantly correlated with excess 

mortality during the 2003 heat wave in Switzerland. Literature (Amengual et al., 2014; 

Ellis et al., 1975; Fischer and Schär, 2010; Grizea et al., 2005; Kalkstein and 

Valimont, 1987; Kovats and Hajat, 2008) reports the influence of night-time 

temperature on heat stress and health, although little hard evidence has been found. 

For the reasons mentioned above, it is not appropriate to present heat stress with 

simply the average of hourly UTCI. Weighing the importance of day-time/night-time 

UTCI depends on both age and behaviours. On one hand, the behaviour decides the 

heat stress people suffer in day-time/night-time; on the other hand, the elder the 

people, the less resistant they are to heat stress. The risk of heat-related mortality 

increases with natural aging. (Kovats and Hajat, 2008) In this study, mid-age workers 

and elderly people are selected as two illustrative typical types of urban people. By 
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considering their daily behaviours and their concerns on labour productivity, 

sleep/rest quality and health, the weights of day-time/night-time UTCI are shown in 

table 2.  

Mid-age workers spend most of their day time working, and normally they don’t 

suffer from sleeping problems, so the weight of day-time UTCI is higher. However, 

the sleeping quality plays significant role in their labour productivity when they work 

during the day time, so the weight of night-time UTCI still account for 35%. For the 

elderly people, they don’t work in the day time, they mainly stay inside and they are 

weak sleepers. Therefore, the day-time UTCI is not as significant as the one for 

mid-age workers, accounting for only 50%. But the weight of night-time UTCI is 

greatly influential on elderly people, which also accounts for 50%.  

According to the elevation angle of the simulation days, the day time accounts from 

07:00 am to 21:00 pm, the night time accounts from 22:00 to 06:00 am the next day. 

The day time hour is defined as the hour when the elevation angle is positive, in 

contrast, the night hour is the hour with negative elevation angle or 0. The elevation 

angles of specific simulation days are shown in Appendix 2. 

Table 2 Profile of two illustrative types of urban people 

Urban 

people  

Day-time UTCI 

Weight (%) 

Night-time UTCI 

Weight (%) 

Characteristic 

Mid-age 

workers 
65 35 

 Working in daytime 

 A bit travelling in daytime 

 Doing exercise 

 Healthy sleeper 

Elderly 

people 
50 50 

 Staying inside most of daytime 

 A bit sleeping problem 

 More sensitive to heat stress 

 Less concern on labour 

productivity  

Also because these two types of urban people have different resistances to the heat 

stress, different criteria should be considered when their heat stresses are measured. 

Based on the UTCI Assessment Scale (Appendix 3) new assessment scales are 

elaborated for these two types. As elderly people have less resistance to heat stress, so 

the assessment scale for elderly people is approximately 2° C lower than the mid-age 
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workers. And the temperature change within each category is shorter than the mid-age 

workers because they are more sensitive to the temperature change. 

Table 3 UTCI categorized in terms of thermal (heat) stress. The stress category is adapted from UTCI 

Assessment Scale(Bröde et al., 2011)  

UTCI (° C) range 

Mid-age workers 
Stress category 

UTCI (° C) range 

Elderly people 

Above 45 Heat wave  

(extreme heat stress) 

Above 42 

38 to 45 Very strong heat stress 36 to 42 

33 to 38 Strong heat stress 31 to 35 

27 to 32 Moderate heat stress 25 to 30 

22 to 26 Slight heat stress 22 to 24 

9 to 21 No heat stress 9 to 21 

2.7 Scenario analysis 

Thermal comfort is influenced by many factors, not only of the variation of greenness, 

but also on the urban typology. Extensive possibilities exist in the variations of urban 

greenness, urban types and global temperature rise, necessitating the use of future 

visions of potential consequences of different response options to recommend to the 

planning. One of the most popular and persuasive techniques drawn from the future 

tool-kit in the process of urban planning is scenario analysis (Ratcliffe and Krawczyk, 

2011). Therefore, to achieve the research objective (i.e. to analyse how to mitigate 

heat stress under climate change), scenarios are structured from three dimensions – 

global temperature rise, urban typology and variation of greenness.  

Global temperature rise 

Global temperature rise results in circumstances under different weather types. The 

changes of temperature are more sensitive in extreme temperatures, which mean that 

the change of temperature is more visible in warms days rather than cold days in 

summer. In other words, the temperature change is a function of how extreme the 

given temperature is (in what quantile the temperature is found).  
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Based on the simulations, the scenarios are designed to generate different outputs 

under different climate change conditions. To reasonably estimate climate change, 

Global Temperature Rise (GTR) 1°C and 2°C in the year 2050 (compared to 1990) 

conducted from the KNMI’06 Climate Scenarios are chosen to represent two 

conditions of climate change (Van den Hurk et al., 2006). KNMI’06 scenarios are 

four climate scenarios developed for the Netherlands based on the results from 

climate research (Appendix 4). Global temperature rise (1°C and 2°C) in the 

Netherlands around 2050 are compared to the baseline year 1990 according to the 

four KNMI’06 climate scenarios. However, the data used in this study are the WRF 

simulations of warms days in the year of 2006.  

To determine the quantile a longer record (1997-2006), the climate transformation 

tool of KNMI’06 (Bessembinder, 2012) is used. With this tool, time series of 

observed temperature can be transformed into projected time series according to the 

KNMI’06 climate scenarios. To calculate the projected temperature changes, we have 

transformed a time series of temperature observed at De Bilt, a town in the central 

part of the Netherlands. The climate scenarios 1°C and 2°C were applied. 

The use of the KNMI’06 procedure and transformation tool provides the specific 

temperature changes in each day of the WRF simulation period (Table 4).  

Table 4 Table Climate transformation (adapted from KNMI’06 climate scenarios) 

Date of 

simulations 

Observation 

data 

Global temperature rise 1° C Global temperature rise 2° C 

Temperature 

2050 (° C ) 

Difference 

(1990) 

Corrected 

difference 

(2006) 

Temperature 

2050 (° C ) 

Difference 

(1990) 

Corrected 

difference 

(2006) 

20060715 19.5 20.4 0.9 0.66 21.3 1.8 1.32 

20060716 23.1 24.1 1 0.73 25.2 2.1 1.54 

20060717 24.1 25.2 1.1 0.81 26.2 2.1 1.54 

20060718 25 26.1 1.1 0.81 27.2 2.2 1.61 

20060719 26.9 28.1 1.2 0.88 29.2 2.3 1.69 

Note: 1. The temperature difference is compared to the year of 2006. 

2. The transformation adapted from the climate transformation of the KNMI’06 Climate Scenarios. (see Appendix 5) 

Choice of urban types and greenness 

As mentioned, there are three urban types discussed. Based on the three selected 

urban types, the urban patterns are divided into compact, open and mixed. In addition, 
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since we distinguish urban types by different sky view factors in the calculation, 

building types should be considered because the height of buildings affects sky view 

factors as well. Therefore, the building types are divided into mid-rise and low-rise.  

As mentioned in table 1, the current fractions of urban greenness of three selected 

urban types are 15%, 40% and 60% respectively. The scenarios are created to analyse 

the change of UTCI by changing the fraction of urban greenness. So fraction of 

greenness 15% is chosen as the lower limit of greenness in the scenarios (expect the 

extreme conditions). Moreover, the mitigation of UTCI by increasing urban greenness 

is one of the main objectives, so the upper limit of greenness in the scenarios should 

higher than the current fractions. Thus the fraction 85% is used as the upper limit of 

greenness in the scenarios (expect the extreme conditions). 

The scenarios are divided into five groups by three urban patterns and two extreme 

conditions. In each urban group, the scenarios differ in the fraction of greenness and 

global temperature changes. The last two represent the extreme conditions of urban 

greenness. The first one is 0% of greenness, which means there is no greenness in the 

urban area. In this group, scenarios are distinguished by the building types and 

temperature rise. The second extreme condition is 100% of greenness. In scenarios 

19-24, surfaces of urban areas are assumed to be fully covered by greenness, but 

retain their configurations.  So the urban area is still limited to the sky view factor of 

urban types.  

Table 5 Overview of scenarios  

2050/ 

Scenarios 

Global 

temperature 

rise 

Urban pattern Built type Fraction of greenness 

1 1 ° C Compact city Mid-rise 15% 

2 1 ° C Compact city Mid-rise 85% 

3 2 ° C Compact city Mid-rise 15% 

4 2 ° C Compact city Mid-rise 85% 

5 1 ° C Open city Mid-rise 15% 

6 1 ° C Open city Mid-rise 85% 

7 2 ° C Open city Mid-rise 15% 

8 2 ° C Open city Mid-rise 85% 
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Table 5 describes the overview of all scenarios; each colour indicates a scenario group. 

Based on the scenarios, analysis is performed to compare the changes of UTCIs by 

changing the urban greenness among three urban types. A reference UTCI is set to 

each urban type at the condition of no climate change with current fraction of urban 

greenness (see table 1). The results of the UTCI calculation are converted to a 

representative number of UTCI for the whole day (24 hrs.). 

9 1 ° C Mixed Low-rise 15% 

10 1 ° C Mixed Low-rise 85% 

11 2 ° C Mixed Low-rise 15% 

12 2 ° C Mixed Low-rise 85% 

13 1 ° C Mixed Low-rise 0% 

14 1 ° C Compact Mid-rise 0% 

15 1 ° C Open Mid-rise 0% 

16 2 ° C Mixed Low-rise 0% 

17 2 ° C Compact Mid-rise 0% 

18 2 ° C Open Mid-rise 0% 

19 1 ° C Mixed Low-rise 100% 

20 2 ° C Mixed Low-rise 100% 

21 1 ° C Compact Mid-rise 100% 

22 2 ° C Compact Mid-rise 100% 

23 1 ° C Open Mid-rise 100% 

24 2 ° C Open Mid-rise 100% 

Note: The temperature rise in 2050 is relative to 1990. 
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3 Results  

In this chapter the results of the modelling experiments will be summarized. The 

influences of greenness, urban types and climate change on urban thermal comfort are 

described in section 3.2, 3.3 and 3.4. They aim to answer the research questions from 

section 1.3. In section 3.5, the results of each scenario analysis is explained. We close 

the chapter in an open discussion on the mitigation of climate change basing on the 

results above (section 3.6). 

3.1 Analysis of environmental parameters 

As we introduced in Chapter 2, urban greenness may not influence the thermal 

comfort condition (represented by UTCI) directly, but through the environmental 

parameters, wind speed, solar radiation, air temperature and humidity. In this section, 

the relevance between urban greenness and thermal comfort due to these 

environmental parameters is presented.  

 

Figure 3 Influence on environmental parameters by increasing the fraction of urban greenness. X-axis 

refers to the time series of simulation data (hourly). The time accounts for 48 hours starting from 00:00 (18th 

July 2006). Graph (a), (b), (c) and (d) presents the changing curves of air temperature, solar radiation, wind 

speed and humidity in 9 fraction of urban greenness respectively.   
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Figure 3 shows the hourly change of four environmental parameters by increasing the 

fraction of greenness in urban areas. Figure 3(a) presents the change of air 

temperature caused by greenness. The biggest difference appears in the hours when is 

the daily minimum temperature, higher fraction of greenness derives lower air 

temperature. The influences of greenness on air temperature become visible in 

evenings and nights. It also happens in other wind speed and solar radiation (Figure 

3(b) and (c)). In figure 3(b), we found that solar radiation in urban areas doesn’t 

change a lot in different fraction of greenness; the difference appears in midnights. 

For the wind speed (figure 3(c)), the biggest difference caused by changing greenness 

appears in one peak in the afternoon (another daily peak is in midnight). From figure 

3(c), we found that higher greenness leads to higher wind speed. Figure 3(d) shows 

that greenness has maximum impact on humidity around 05:00 am before sun rise and 

12:00 at noon. Higher greenness leads to higher humidity during nights but higher 

humidity at noon. Overall, we found that greenness has biggest influences on the 

environmental parameters at maxima and minima.  

3.2 Influence of greenness on thermal comfort  

We take mixed low-rise city as example in this section as example. The other results 

are shown in Appendix 6. As mentioned in section 3.6, we set two different 

calculation schemes and assessment scales of UTCI based on different living styles of 

urban people.  

Figure 4 shows the results of UTCIs mixed low-rise city in 13 fractions of urban 

greenness from 0% to 100% for both elder people and mid-age workers. The UTCI 

that elder people feel change from 30.3°C at 0% greenness to 27.7°C at 100% 

greenness. For the case of mid-age people, the trend shows that UTCIs change from 

31.8°C at 0% greenness to 29.8 °C at 100% greenness. According to the results of 

influence of greenness on thermal comfort (figure 4), higher greenness leads to lower 

UTCI. In addition, by comparing the two graphs in figure 4, we could find in the same 

condition, the mid-age workers suffer higher UTCI than elder people. 

 

 



21 

 

 

Figure 4 UTCIs of mixed low-rise city in different fractions of urban greenness without climate change 

Figure 5 presents the trends that UTCI decreases by increasing the fraction of 

greenness in urban areas. In mixed low-rise city, the UTCIs decrease by 1.57 °C and 

1.96 °C when the fraction of urban greenness increase from 0 to 100% in stable trends. 

And the trends of elder people and mid-age workers are similar. The difference of 

reduction of UTCI between elder people and mid-age workers becomes larger by 

increasing the fraction of urban greenness. 

 

Figure 5 The decreases of UTCI by increasing the fraction of greenness in mixed low-rise city compared to 

the UTCI of 0% greenness (30.32 °C) 



22 

 

3.3 Influence of urban types on thermal comfort 

The results of UTCIs in different urban types are shown in this section for two types 

of people (elder people and mid-age workers) respectively in figure 6 and figure 7. 

The figures shows the trends of UTCI by changing urban greenness in different urban 

types with the lower limit of heat stress in heat stress assessment scale (Table 3 UTCI 

categorized in terms of thermal (heat) stress. The stress category is adapted from 

UTCI Assessment Scale). 

 

Figure 6 Trends of UTCI by changing urban greenness in different urban types (Assessed by elderly people) 

Figure 6 presents the results of UTCIs in different urban types for elder people. Under 

the same condition of urban greenness, open city has higher UTCI than compact and 

mixed cities, which means the people living in open city suffer higher heat stress. For 

example, until around 20% greenness, the mixed-low rise city is suffering from strong 

heat stress, but the compact mid-rise is below the strong heat stress level even with no 

greenness in urban areas. The compact mid-rise city has the most comfortable thermal 

environment among these three types. Based on the UTCI assessment scale mentioned 

in section 3.6, the current thermal conditions of compact and mid-rise city and mixed 

low-rise city are under moderate heat stress; the thermal condition of open mid-rise is 

in strong heat stress. 
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Figure 7 As fig 6 for mid-age workers 

Figure 7 shows the results of mid-age workers in the same conditions. Based on the 

UTCI assessment scale mentioned in section 3.6, the current thermal conditions of 

compact and mid-rise city and mixed low-rise city are below the strong heat stress 

level; the thermal condition of open mid-rise is above the strong heat stress level. For 

mid-age workers, only in the open mid-rise city, the heat stress status will change with 

the increase of urban greenness. 

Based on the assessment scale, we can found that open mid-rise city needs more 

greenness to mitigate the heat stress than other two types of city. For example, for the 

elder people, by increasing the fraction of greenness, mixed low-rise city will reduce 

from strong heat stress to moderate heat stress if the fraction of the greenness is above 

20%. The open mid-rise city will reduce to moderate heat stress only if the greenness 

fraction is above 75%. The compact mid-rise city stays within the range between 

moderate and strong heat stress level when greenness varies from 0% to 100%, but 

with a reduction of 2.73 °C. 

By comparing figure 6 and figure 7, we found that the UTCIs of all three types of 

urban decreased with the increase of fraction of greenness in urban areas; the trends of 

these three urban types are parallel. In addition, open mid –rise city, mixed-low-rise 

city for elder people and open mid-rise city for mid-age workers will change the status 

of heat stress with the increase of urban greenness, which means the urban types have 

more sensitive influence on elder people. Only the current status of open mid-rise city 
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is in strong heat stress, and it will mitigate to moderate heat stress by increasing 

greenness. Therefore it is most effective to mitigate the heat stress by increasing urban 

greenness in open mid-rise city. 

3.4 Influence of climate change on thermal comfort 

As mentioned in section 3.5, the global temperature rise of 1°C and 2°C respectively 

has been corrected to the specific temperature changes in the days of the WRF 

simulation period. In this section, the results of the mixed low-rise city to presented 

the UTCIs of elder people in different conditions of climate change (global 

temperature rise = GTR). The UTCI changing trends of three climatic conditions are 

shown in figure 9. The results of other two urban types are listed in Appendix 6. 

 

Figure 8 Trends of UTCI by changing urban greenness under 3 conditions of climate change in mixed 

low-rise city (assessed by elder people) 

By comparing the three climate change trends (figure 8), we can conclude that global 

temperature rise leads to the increase of UTCI, and the increase becomes larger with 

the increasing of global temperature rise at the same greenness condition. For example, 

when GTR changes from 0°C to 1°C, the increase of UTCI is 0.15°C at 20% 

greenness; While GTR changes from 1°C to 2°C, the increase of UTCI is 0.42 °C at 

the same condition of greenness.  
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Figure 8 shows that global temperature rise 1 °C leads to approximate 0.3 °C increase 

in UTCI, and 2°C results in 0.6 °C increase in UTCI, the increase of UTCI is much 

lower than the temperature rise.  

Figure 8 shows the influence of global temperature rise on UTCI mitigation. UTCI 

stays below the strong heat stress level around 23% greenness when there was no 

global temperature rise. When global temperature rise by 1 °C, it takes 30% greenness 

to stay below the strong heat stress level. Further, UTCI stays below the strong heat 

stress level only if the greenness fraction is above 60% when global temperature rises 

by 2°C. By comparing the cross points of heat line and UTCI lines, it needs more 

greenness to reduce UTCI to reduce/mitigate heat stress with higher global 

temperature rise, in other words, bigger climate change.  

3.5 Scenario analysis  

The results of UTCIs calculated for each scenario in different climate change 

conditions and different urban types are shown in table 6.  

Table 6 Overview of the values of UTCI (° C) in scenarios 

Scenarios 
 

GTR 
Urban 

patterns  

Built 

type 
Greenness 

UTCI 

(mid-age) 
UTCI(elder) 

1 

LCZ2 

1 ° C Compact  Mid-rise 15% 31.18  29.83  

2 1 ° C Compact  Mid-rise 85% 29.91 28.32 

3 2 ° C Compact  Mid-rise 15% 31.56 30.20 

4 2 ° C Compact  Mid-rise 85% 30.54 28.91 

5 

LCZ5 

1 ° C Open  Mid-rise 15% 33.50  31.72  

6 1 ° C Open  Mid-rise 85% 32.07  30.04 

7 2 ° C Open  Mid-rise 15% 33.82 32.04 

8 2 ° C Open  Mid-rise 85% 32.66 30.67 

9 

LCZcon 

1 ° C Mixed Low-rise 15% 31.82  30.25  

10 1 ° C Mixed Low-rise 85% 30.66 28.75 

11 2 ° C Mixed Low-rise 15% 32.26 30.66 

12 2 ° C Mixed Low-rise 85% 31.29 29.43 

13 Extreme

-0% 

1 ° C Mixed Low-rise 0% 31.97  30.42  

14 1 ° C Compact Mid-rise 0% 31.27  29.95  
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For elder people, the UTCIs are calculated based on the assumption of importance 

weight of 50% day and 50% night. The best scenario (lowest UTCI) is the extreme 

scenario 21, with 100% greenness in compact mid-rise city when global temperature 

rises by 1°C. It has smallest heat stress (27.59°C) among all scenarios, in scale 

“moderate heat stress” (26-30°C). (Table 3 UTCI categorized in terms of thermal 

(heat) stress. The stress category is adapted from UTCI Assessment Scale) The worst 

scenario is extreme scenario 18, 0% greenness and 2°C global temperature rise in 

open mid-rise city. It has the biggest heat stress (32.18°C) and in the scale of “strong 

heat stress”.  

The UTCI values of scenarios for mid-age workers are calculated based on the 

assumption of importance weight of 65% day and 35% night. The best scenario 

(lowest UTCI) is also the extreme scenario 21, with 100% greenness in compact 

mid-rise city when global temperature rises by 1°C. It has smallest heat stress 

(29.42 °C) among all scenarios, in scale “moderate heat stress” (27-32 ° C). The worst 

scenario is extreme scenario 18, 0% greenness and 2°C global temperature rise in 

open mid-rise city. It has the biggest heat stress (33.93 °C) and above the lower limit 

of “strong heat stress” scale. 

To compare the scenarios with the current status of thermal comfort, we chose the 

current condition of greenness as reference condition. Each urban type has a reference 

fraction of greenness and two reference thermal conditions for elder people and 

mid-age workers respectively. The results of UTCIs in reference conditions are shown 

in table 7.  

15 greennes

s 

1 ° C Open Mid-rise 0% 33.63  31.89  

16 2 ° C Mixed Low-rise 0% 32.36 30.78 

17 2 ° C Compact Mid-rise 0% 31.62 30.29 

18 2 ° C Open Mid-rise 0% 33.93 32.18 

19 

Extreme

- 100% 

greennes

s 

1 ° C Mixed Low-rise 100% 30.23 28.18  

20 2 ° C Mixed Low-rise 100% 30.94 28.95 

21 1 ° C Compact Mid-rise 100% 29.42 27.59 

22 2 ° C Compact Mid-rise 100% 30.14 28.37 

23 1 ° C Open Mid-rise 100% 31.51  29.34  

24 2 ° C Open Mid-rise 100% 32.19 30.01 
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Table 7 Overview of the greenness and UTCI values of reference conditions 

Reference 

conditions 

Fraction of 

greenness 

Values of UTCI (°C) 

Elder people Mid-age workers 

Compact mid-rise 15% 29.70 31.00 

Open-mid-rise 60% 30.30 32.23 

Mixed low-rise 40% 29.54 31.22 

The reference values of UTCI are set to measure the mitigation of heat stress by 

increasing urban greenness. The reference UTCI is calculated with the condition — 

current status of greenness and no global temperature rise — in certain urban type. 

Under the same condition, the reference UTCI is different for elder people and 

mid-age workers because they have different weight of daytime hours. All the 

scenarios are compared to reference conditions according to their urban types. The 

differences between scenario and reference UTCI are shown in figure 9-11.  

 

Figure 9 Scenario results compared to reference condition in compact mid-rise city 

The reference of greenness fraction in compact mid-rise city is 15%, under this 

condition, the reference UTCI for elder people and mid-age workers are 29.70 °C and 

31.00 °C respectively. Figure 9 shows that for the same type people, the trends of 

UTCI difference under GTR 1°C and GTR 2°C are similar. Mid-age workers have 
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bigger difference compared to reference UTCI than elder people. The difference 

between mid-age workers and elder people becomes larger with the increasing of 

greenness, at the point of 0% greenness, the differences of mid-age workers and elder 

people compared to reference UTCI are almost the same. Generally, the increases 

caused by global temperature rise can be mitigated by increasing the fraction of 

greenness in compact mid-rise city. The heat stress reduces faster for elder people, in 

other word mid-age workers need more greenness to mitigate the heat stress to the 

current condition under the condition of climate change.   

 

Figure 10 Scenario results compared to reference condition in open mid-rise city 

The reference of greenness fraction in open mid-rise city is 60%, under this condition, 

the reference UTCI for elder people and mid-age workers are 30.30 °C and 32.23 °C 

respectively. Figure 10 shows that for the same type of people, the trends of UTCI 

difference under GTR 1°C and GTR 2°C are also similar. Elder people have bigger 

difference compared to reference UTCI than mid-age workers until the reference 

greenness condition -- 60%. For the same climatic condition, the trend lines of two 

types of people crosses at the reference greenness. When the fraction of greenness is 

higher than 60%—current condition, the mid-age workers need more greenness to 
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mitigate the heat stress to the current condition under the same global temperature rise. 

Generally, the heat stress increases caused by global temperature rise can be mitigated 

by increasing greenness as well, however, for the mid-age workers, if global 

temperature rise by 2 °C, the heat stress will be hardly mitigate unless the open 

mid-rise city is fully covered by greenness.  

 

Figure 11 Scenario results compared to reference condition in mixed low-rise city 

The reference of greenness fraction in mixed low-rise city is 40%, under this 

condition, the reference UTCI for elder people and mid-age workers are 29.54 °C and 

31.22 °C respectively. Figure 11shows that for the same type people, the trends of 

UTCI difference under GTR 1°C and GTR 2°C are similar like the trends in other two 

urban types. When global temperature rises by 2 °C, the trend lines of two types of 

people cross at the reference greenness. When greenness is less than 40%, elder 

people have bigger difference compared to reference UTCI than mid-age workers; 

when greenness is more than 40%, elder people have smaller difference compared to 

reference, and it means it spends less greenness for elder people to mitigate the UTCI 

to the heat stress at current condition. For the condition of 1 °C global temperature 

rise, the cross point earlier at smaller fraction of greenness. Generally, the increases of 

heat stress caused by climate change can be mitigated. The increase of UTCI caused 

by 1 °C global temperature rise will be mitigated by a small increase on the basis of 
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current condition. The increases caused by 2°C could be approximately mitigated also 

when the greenness reach 85%.   

3.6 Mitigation of heat stress caused by climate change 

The results of scenarios show that the increase of heat stress can be mitigated to 

reference conditions by increasing urban greenness in all three urban types. And the 

mitigation efficiency differs between mid-age workers and elder people and among 

different urban types. The ‘mitigation efficiency’ means the efficiency of greenness to 

mitigate the increase of heat stress in a certain urban type. Higher mitigation 

efficiency means that certain urban types need less increase of urban greenness to 

mitigate heat stress to reference condition.  

This section further highlights how greenness contributes to the mitigation of heat 

stress caused by climate change, how it differs in urban forms and how the mitigation 

differs between different people for the implementation of urban planning. The results 

are explained for mid-age workers and elder people.  

Figure 12 and figure 13 present the changes of UTCI compared with reference 

condition in each urban type. Y-axis presents the ΔUTCI compared with reference 

condition; X-axis presents the fraction of greenness. When ΔUTCI is positive, it 

means the UTCI that need to be mitigated by increasing greenness to achieve current 

thermal condition; when it is negative, it means the heat stress could be even further 

reduced if continue to increase urban greenness. Therefore, the mitigation efficiency 

can be measured by the increase of fraction of greenness (ΔFG) when ΔUTCI reduced 

to 0. (Table 8) 

 

Figure 12 The mitigation of greenness in different urban types for elder people.  
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Figure 13 The mitigation of greenness in different urban types for mid-age workers. 

There are several cross points in figure 12 and figure 13. Taking figure 12 as example, 

the first cross point is between global temperature rises 2 °C in compact mid-rise city 

and global temperature rise 1°C in mixed low-rise city. The trends almost overlap 

each other after the cross point, which means the mitigation efficiencies of these two 

are similar when the fraction of greenness is around 80%. Also comparing these two 

trends, we can find that the mitigation efficiency of global temperature rises 2 °C 

(compact mid-rise city) and global temperature rise 1°C (mixed low-rise city) are very 

close. In other words, the same greenness could mitigate approximate 1°C more in 

compact mid-rise city than in mixed low-rise city. The second cross point appears 

between global temperature rises 2 °C (mixed low-rise city) and global temperature 

rise 1°C (open mid-rise city). The cross point means the greenness at this point could 

mitigate the heat stress to the same situation from 1°C temperature rise in open 

mid-rise city but from 2°C temperature rise in mixed low-rise city. Figure 13 shows 

the trends of the mitigation of heat stress by increasing greenness for mid-age workers 

are very similar to the trends of mitigation for elder people (figure12).  

By comparing figure 12 and figure 13, the mitigation efficiency of mid-age workers is 

lower than elder people. For example, for elder people, compact mid-rise city can 

mitigate 1 °C temperature rise by increasing approximate 10% greenness; but for 

mid-age workers, heat stress won’t be mitigated to reference condition until increase 

by approximate 17% (to 32% ). The same happens to other urban types as well. More 

detailed results of mitigation efficiency are shown in table 8.  
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Table 8 Mitigation efficiency of each urban type with global temperature rise 

Urban 

types 

Reference 

Greenness 

(%) 

Elder people Mid-age workers 

Reference 

UTCI(°C)  

Δ FG (Δ=0) 

(%) 

Reference 

UTCI(°C)  

Δ FG (Δ=0) 

 (%) 

1°C 2°C 1°C 2°C 

Compact 

mid-rise city 

15 29.70  10 35 31.00  17 45 

Open 

mid-rise city 

60 30.30  15 30 32.23  18 40 

Mixed 

low-rise city 

40 29.54  10 45 31.22  27 50 

Note: Δ FG is the increase of fraction of greenness. The values of Δ FG are approximate. 

Table 8 describes the results of how much greenness need to be increased to mitigate 

the UTCI to reference condition. The results show that open mid-rise city needs more 

greenness to mitigate the increase of UTCI than other two urban types expect the 

condition of global temperature rise 2 °C. Combing the results with figure 12 and 

figure 13, open mid-rise city hardy mitigate the UTCI increase caused by 2 °C global 

temperature rise until the greenness reach 100%, which means the urban areas will be 

fully covered by greenness. Therefore, the mitigation efficiency of compact mid-rise 

city is the relatively higher than other two urban types, following by mixed low-rise 

city. 
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4 Discussion  

The discussion is separated in the following two main parts: answering and discussion 

of the three main research questions (section 4.1) and a discussion of the uncertainties 

of the results (section 4.2).  

4.1 Discussion of the results 

Influence of greenness on thermal comfort 

In the analysis of environmental parameters that influence UTCI, higher fraction of 

greenness leads to lower air temperature, lower humidity, higher wind speed and 

lower mean radiant temperature. This explains why UTCI is lower when increasing 

the fraction of greenness in urban areas. The analysis (section 3.1) also shows that 

mean radiant temperature does not change much when the fraction of urban greenness 

is increasing. This is due to the fact that greenness in this study is assumed to the 

grass only. The biggest part of solar radiation is the downwards solar radiation, which 

will be reduced by increasing the shading areas, but the increase of grass does not 

contribute to more shadow. So when the greenness increases, there will be no change 

of the shading area, in other word, the changes of greenness have few influence on the 

solar radiation.  

Section 4.2 shows there are different results between mid-age workers and elder 

people when we compare their heat stress. The UTCI of mid-age workers is larger 

than the one of elder people under the same condition, and the difference is larger 

when the fraction of greenness is larger. The difference between these two types of 

people is caused by different calculation weights of daytime UTCI and night UTCI. 

The UTCIs of mid-age workers consist of higher percentage of daytime UTCI (65%) 

than elder people (50%) because of their daily behaviours and characters (Section 2.6). 

As introduced in section 3.1, UTCI increases with increasing mean radiant 

temperature and air temperature, and these two factors are higher in the daytime than 

in the night. Higher weight of daytime leads to higher UTCI. As discussed above, the 

higher greenness leads to lower air temperature and lower mean radiant temperature 

(limited). And the changes of these two parameters are more obvious in daytime. So 

the larger weight of daytime also leads to larger decreases of UTCI when increasing 

the fraction of greenness in urban areas. Therefore under same condition, UTCI of 

mid-age workers is higher than UTCI of elder people and the difference goes larger 

with higher greenness. However, due to their different characters, there are two 

different assessment scales of UTCI to measure the heat stress of them (Section 2.6). 

So the heat stress they feel won’t differ because of the different calculations.  
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Influence of urban types on thermal comfort 

The results of influence of urban types on thermal comfort shows that under same 

condition of greenness, the UTCI of open mid-rise city is the highest, followed by 

mixed low-rise, while the compact mid-rise city has smallest heat stress. The 

differences caused by the urban types result from the different sky view factors used 

in the calculation of UTCI. The sky view factor of open mid-rise is the biggest and the 

one of compact mid-rise city is smallest. The sky view factors are influenced by the 

city configuration. Compact city has deeper street canyon which could provide more 

shades in the street highly reducing the solar radiation which is one of the most 

important factors in the calculation of UTCI. In addition, mid-rise city seems have 

less heat stress than the low-rise city. The reason might also refer to the shadowing 

effects caused by the building walls.  

The difference between mid-age workers and elder people are caused by their 

different characteristics. Elder people are naturally more sensitive to the thermal 

comfort than mid-age workers, so in different urban types, the elder people might feel 

strong heat stress while mid-age workers might not. The influence caused by their 

different behaviour was not taken into consideration in this case. Basing on the 

definition of mid-age workers and elder people, importance of their daytime are 

considered as simplification instead of the distinguishing of their working types. 

Otherwise, there must be many working types that should also consider the time that 

mid-age workers spend under sun outside or in office regardless of direct solar 

radiation.  

Influence of climate change on thermal comfort 

The results of the influence of climate change on thermal comfort show that global 

temperature rises leads to higher UTCI , in other words, higher heat stress, similarly, 

more global temperature rise needs more greenness to mitigate the heat stress increase. 

This can be explained by the positive linear relationship between UTCI and air 

temperature, because global temperature rise is chosen to represent global climate 

change in this study and global temperature rise is assumed to only reflect on the rise 

of air temperature. UTCI is calculated regardless of the possible influences on 

humidity when global temperature raises, however, humidity in the UTCI regression 

is the relative humidity below 100% relative humidity, which should also change with 

the increase of air temperature. For two other elements, wind speed and solar 

radiation might have changes caused by atmosphere activities when global 
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temperature rises, but in this study, the possible influences are not taken into 

consideration (also discussed in section 4.2).  

In addition, the increase of UTCI is lower than the temperature rise. In function 1 

(page 10), UTCI is a function relative to air temperature (Ta), wind speed (va), 

humidity (Pa) ,mean radiant temperature (Tmrt) and the deviation of mean radiant 

temperature and air temperature (Tmrt –Ta). The rise of air temperature (Ta) leads to 

the decrease of Tmrt-Ta since wind speed (va), humidity (Pa) and mean radiant 

temperature (Tmrt) are constant (explained in section 4.2). In the calculation, the 

increase of air temperature is reduced by the decrease of Tmrt-Ta. Therefore, the 

UTCI increase when global air temperature rises but with smaller growth.  

The results of section 3.3 also show that the influence of climate change seems to 

have no significant difference between different citizen types. As we know, the 

difference of UTCIs between elder people and mid-age workers are mainly caused by 

the different weights of daytime and night-time when we calculate UTCI. However, in 

this case, difference is calculated by comparing the changes of UTCI when global 

temperature rises. For example, in table 6, the difference between the UTCI changes 

of elder people and mid-age workers when global temperature rises by 1°C (in grey) 

is the result that the increase of UTCI for elder people when global temperature rises 

by 1°C minus the increase of UTCI for mid-age workers when global temperature 

rises by 1°C. The difference lead by weights of hours has already been mitigated 

when comparing the changes of UTCI between two types of people. So the results 

shows influences of climate change on thermal comfort seem to have no significant 

difference between different citizen types. 

4.2 Assumptions and limitations of the study 

Because of the limitations of data and calculation methods, several assumptions are 

made in this study, which might influence the results. This section explained the 

possible differences caused by the assumptions and also discussed their influences on 

results.  

Assumption1: Greenness type is limited to grass. 

The assumption is made in the simulations. The simulations we used in this study 

vary among different fractions of greenness in urban area, from 0% to 100%. The 

greenness here is all assumed as grass. The assumption might lead to the 

overestimation of UTCI because this assumption neglects the difference influences of 

vegetation types on thermal comfort. For example, from the results shown in section 
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3.1 and discussed in section 4.1, we found that greenness contribute to the reduction 

of heat stress but rarely through solar radiation. Calculated thermal comfort conditions 

in different urban types, expressed in UTCI, show the importance of shading for the 

improvement of thermal comfort. Solar radiation is one of the key influential factors 

of UTCI, which is highly influenced by shadows. If the greenness includes trees or 

urban forest, more mitigation of heat stress might be achieved by the shadows trees 

provide. Common urban vegetation type such as trees and shrubs also affects the 

humidity by their photosynthesis and respiration. The effects might be different from 

the influences of grass. In addition, since grasses grow under foot, it has no obvious 

influence on wind speed. However, the height and crown of trees and shrubs might 

contribute to reduce the wind speed which leads to the changes of UTCI, heat stress.  

Compared with other common urban vegetation types, grass has relatively smaller 

mitigation on UTCI based on wind speed, humidity, air temperature and solar 

radiation. Therefore, the assumption of using grass to represent urban greenness might 

overestimate the heat stress, which also means reduce the heat stress mitigation that 

can be achieved in same fraction of urban greenness.  

Assumption 2: Urban types only differ in sky view factors 

When defining the different characters of urban types in the calculation of UTCI, we 

simplified urban configurations are simplified to be represented by sky view factors in 

different urban types，because the sky view factors refers to both building heights and 

street width which are two of the main urban parameters. The urban configuration is 

complicated and hardly represented by one or two parameters. However, in this study, 

the aim was to analyse if there were any difference among the influences of urban 

types on thermal comfort with the variations of urban greenness and which urban 

types are more efficient in mitigating urban greenness by increasing urban greenness. 

The results we got could also indicate reasonable conclusions. 

Assumption 3: UTCI in warm simulation days 

Due to the limitation of data source, our results are only based on clear warm days. 

The simulation days are the clear summer days in the year of 2006, therefore the both 

the solar radiation and air temperature are higher than yearly average. This leads to 

high UTCI when put the results of UTCI in the heat stress scale. That’s why most of 

the UTCI values are still above moderate heat stress even after the mitigation.  
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Assumption 4: Different weights of day-time and night-time hours 

It was assumed that the heat stresses of the same temperature in day-time and night 

time are different. Two typical types of urban citizens are defined as the simplification 

of urban living styles, mid-age workers and elder people. Despite of the great 

consensus on the importance of night time temperature for the health effects of heat 

waves, limited reference or evidences are found. Therefore, the assumption is made 

for the weights of daytime and night-time according to their daily behaviors and 

characteristics (table 2).  

The results show that UTCI of mid-age workers is always higher than the one of elder 

people, which is caused by estimation of their weights of day-time hours. The 

assumption of their weights of day-time and night-time hours highly influences the 

value of UTCI. Especially in the warm, clear days, the higher weight of daytime, the 

higher value of UTCI.  

Assumption 5: Global temperature rise only affects air temperature 

Global temperature rise (GTR) is used as the indicator that reflects climate change. As 

mentioned in the methods chapter, the calculation of UTCI consists of four elements, 

wind speed, solar radiation, humidity and air temperature. In this study, the global 

temperature rise is assumed to only reflect on the rise of air temperature, in other 

words, wind speed, solar radiation and humidity are assumed to keep constant when 

global temperature rises. The assumptions that global temperature rises without the 

increases of mean radiant temperature and "global temperature" refers to air 

temperature lead to a implicitly assumption of some concurrent "shadowing effect", 

because increasing Ta without increasing Tmrt is only possible by decreasing 

Tmrt-Ta. 

This assumption leads to the increase of UTCI is lower than the temperature rise. In 

reality, humidity and radiant temperature should also change with increasing of air 

temperature. The increase of UTCI could be expected higher than current results if the 

radiant temperature also increases with the increasing of air temperature.  

Assumption 6: Regardless of the personal factors of human thermal comfort 

As mentioned in theoretical framework, the six factors affecting thermal comfort are 

both environmental and personal. The two personal parameters (clothing insulation 

and metabolic heat) contribute to human thermal comfort as well. Clothing is both a 

potential cause of thermal discomfort as well as a control for it as human adapt to the 

environment. For example, wearing too much clothing might be a primary cause of 
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heat stress even if the environment is not considered warm or hot; on the contrary, 

removing layers of clothing contributes to reduce the heat stress people experience 

from the environment. Secondly, the metabolic describes the heat that human produce 

inside bodies as human carry out physical activities. It differs from personal physical 

characteristics. These two personal parameters are highly depending on concrete 

situations and personal styles. Since the thermal index we used (UTCI) is independent 

of person's characteristics (age, gender, specific activities and clothing etc.), we didn’t 

consider these two personal parameters in this study.   

The assumptions discussed above is still questioning and is limited to the results of 

this thesis. Further studying is being done to figure more conclusion on the influence 

of greenness on thermal comfort.  

However, within this study, we mainly target at analysing the influence of greenness 

on thermal comfort. Although there are some assumptions reducing the accuracy of 

UTCI, these limitations won’t reduce the reliability on the change tendency of thermal 

comfort. 
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5 Conclusion and recommendations 

This chapter briefly conclude the results of research questions and presents the 

recommendations derived from this study both on future study and urban planning. 

The main conclusion relates to the influence of urban greenness, urban types and 

climate change on urban thermal comfort in two typical types of citizens (Section 

5.1).Because of the limitations discussed above, several suggestions are provided for 

future study to make up for the deficiency of this study and further study based on 

present results (Section 5.2). Results of this study have implications on guidelines for 

urban planning to mitigate the heat stress (Section 5.3).  

5.1 Conclusion  

Urban greenness has clearly influence on the thermal comfort condition through the 

environmental parameters. The increase of urban greenness decreases UTCI. The 

influence on mid-age workers and elder people are different. Urban types which also 

means urban form or urban configuration, has a significant influence on the urban 

thermal comfort and consequently plays a role in the mitigation of heat stress in the 

condition of climate change at street level. Climate change leads to higher UTCI at 

the same greenness condition. Higher heat stress, similarly, more global temperature 

rises need more greenness to mitigate the heat stress increases. 

Based on the UTCI assessments scale, for elder people, the current thermal conditions 

of compact and mid-rise city and mixed low-rise city are below strong heat stress 

level; while the thermal condition of open mid-rise is above strong heat stress level.  

Generally reflecting to the research objectives, the increases caused by global 

temperature rise could be mitigated by increasing the fraction of greenness. The 

mitigation efficiency of compact mid-rise city is the highest among these three urban 

types, following by mixed low-rise city. 

In summary, our study contributes to ascertain how urban greenness influence the 

urban thermal comfort how could it mitigate heat stress under global temperature 

rising. As the results show that urban figuration is quite important for thermal comfort 

during the increasing of greenness, which means that planners could consider 

reducing the urban heat stress by greening the urban surface and shading open space 

with the limited street -level re-development opportunity in urban areas. More 

recommendations for planners are elaborated in section 5.3.  
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5.2 Recommendations for further study 

Future studies are suggested to include simulations to examine the effects of different 

types of urban greenness on thermal comfort such as forest and shrub zone.  

In addition, since the thermal comfort is sensitive to the wind speed and humidity, the 

spatial distribution of forest and open water might also play roles in the mitigation of 

thermal comfort under climate change.  

It will be also interesting to consider the psychological reflections of thermal comfort 

in different urban types or visual effects of covered vegetated surface and building 

heights.  

Besides, the different influences of daytime and night-time on human thermal comfort 

are worthy studying further. Importance of night time temperatures is suggested to be 

paid more attentions. Based on present study, despite a great consensus on the 

importance of night time temperature for the health effects of heat waves, hardly any 

hard evidence could be found. 

5.3 Recommendations for urban planning 

From the results we know that compact city has lower heat stress than open city, and 

mid-rise buildings contribute more to the reduce UTCI than low-rise buildings under 

the same condition of climate and greenness. Beside of the influence of greenness, 

shades play active role in decreasing the heat stress. Therefore, in the planning of 

urban configuration, compact city might be better option to control the heat stress that 

citizens suffer. Deeper street canopy is also one of the alternatives to mitigate heat 

stress by providing shades as well as more urban greenness. In this case, cities in 

Southern Europe can be good examples for dealing with urban thermal comfort.  

Results obviously show increasing greenness leads to mitigation of the heat stress 

when keeping the urban configuration. Planning more greenness is a straightforward 

method to reduce the heat stress and mitigate the influence of global temperature rise 

in urban areas. As discussed above, grass possibly provides less cooling than trees. 

Urban forest might be a good choice to reduce heat stress both by its greenness and 

the shades they can provide. Therefore, the vegetation types and density of vegetation 

types should also well considered when plan urban greenness.  

Besides, although the green roof offers less cooling than curb-side planting, they 

might be the best option when we need more greenness but has limited street-level 

redevelopment opportunities. Current results show greenness positively contributes to 
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decrease UTCI, but a realistic modelling of humidity needs to be taken into account 

here. 

Green roofs also offer a variety of additional benefits in addition to aesthetic values, 

including provision of new wildlife habitats and increase of the energy conservation 

(Getter and Rowe, 2006). Vegetation can filter out some air and water quality 

pollutants and thereby improve urban air and water quality(Smith and Roebber, 2011). 

Further, green roofs also provide good short-term water storage, so less vulnerability 

to flooding due to intensive showers. Intensive showers are expected to occur more in 

the future in the Netherlands due to global temperature rise (Van den Hurk et al., 

2006), therefore green roofs can mitigate that aspect of climate change as well.  

Possible strategies to improve thermal comfort from the perspective of urban planning 

may include: 

- Allowing a more compact urban form with deeper street canyons to provide 

shade at pedestrian level.  

- Providing shade within street canyons by utilizing large tree canopies, covered 

walkways, pedestrian arcades, awnings, or other types of shading.  

- Increasing urban greenness evolutionarily by planning more green areas.  

- Encouraging using green roof as an effective strategy for urban thermal comfort 

mitigation by increasing the greenness cover in urban areas without 

redevelopments of urban configuration. 
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Abbreviations 

Tmrt – Mean Radiant Temperature 

Srad – Total of all absorbed radiant flux densities 

ε – Emissivity of human body 

σ – Stefan-Boltzmann constant (5.67*10
-8

Wm
-2

k
-4

) 

K – Short-wave radiant flux densities 

L – Long-wave radiant flux densities  

ak – Short-wave absorption coefficient  

al – Long-wave absorption coefficient  

W – Angel-factor 

UHI– Urban Heat Island 

UTCI – Universal thermal climate index  

PMV – Predictive Mean Vote  

ET – Effective Temperature  

PET – Physical Equivalent Temperature 

SET – Standard Effective Temperature 

GTR – Global Temperature Rise  



Bibliography 

43 

 

Bibliography 

Amengual, A, V Homar, R Romero, et al. (2014). "Projections of heat waves with 

high impact on human health in Europe." 

Andrade, Henrique (2007). "A climatic study of an urban green space: the Gulbenkian 

Park in Lisbon (Portugal)." Finisterra: Revista portuguesa de geografia 42(84): 

27-46. 

Böhm-Vitense, E (1981). "The effective temperature scale." Annual Review of 

Astronomy and Astrophysics 19: 295-317. 

Baker, Lawrence A, Anthony J Brazel, Nancy Selover, et al. (2002). "Urbanization 

and warming of Phoenix (Arizona, USA): Impacts, feedbacks and mitigation." 

Urban ecosystems 6(3): 183-203. 

Bessembinder, A Bakker and J. (2012). Time series transformation tool: description 

of the program to generate timeseries consistent with the KNMI '06 climatet 

scenarios. De Bilt Royal Netherlands Meteorological Institute. 326. 

Blazejczyk, Krzysztof, Yoram Epstein, Gerd Jendritzky, Henning Staiger and Birger 

Tinz (2012). "Comparison of UTCI to selected thermal indices." International 

journal of biometeorology 56(3): 515-535. 

Bowler, Diana E, Lisette Buyung-Ali, Teri M Knight and Andrew S Pullin (2010). 

"Urban greening to cool towns and cities: A systematic review of the 

empirical evidence." Landscape and Urban Planning 97(3): 147-155. 

Bröde, Peter, Dusan Fiala, Krzysztof Blazejczyk, et al. (2009). "Calculating UTCI 

equivalent temperature." Environmental Ergonomics XIII, University of 

Wollongong, Wollongong: 49-53. 

Bröde, Peter, E KRÜGER and F ROSSI (2011). Assessment of Urban Outdoor 

Thermal Comfort by the Universal Thermal Climate Index UTCI. 

INTERNATIONAL CONFERENCE ON ENVIRONMENTAL 

ERGONOMICS. 

Broede, Peter (2009). Program for calculating UTCI Temperature (UTCI). u. V. a. 

0.002. 

Cohen, Joel E (2003). "Human population: the next half century." science 302(5648): 

1172-1175. 

Ellis, FP, F Nelson and L Pincus (1975). "Mortality during heat waves in New York 

City July, 1972 and August and September, 1973." Environmental Research 

10(1): 1-13. 

Fischer, EM and C Schär (2010). "Consistent geographical patterns of changes in 

high-impact European heatwaves." Nature Geoscience 3(6): 398-403. 

Getter, Kristin L and D Bradley Rowe (2006). "The role of extensive green roofs in 

sustainable development." HortScience 41(5): 1276-1285. 



Bibliography 

44 

 

Grizea, Leticia, Anke Hussa, Oliver Thommena, Christian Schindlera and Charlotte 

Braun-Fahrländera (2005). "Heat wave 2003 and mortality in Switzerland." 

Schweiz Med Wochenschr 135: 200-205. 

Höppe, Peter (1999). "The physiological equivalent temperature–a universal index for 

the biometeorological assessment of the thermal environment." International 

journal of biometeorology 43(2): 71-75. 

Jendritzky, Gerd, Richard de Dear and George Havenith (2012). "UTCI—Why 

another thermal index?" International journal of biometeorology 56(3): 

421-428. 

Jenerette, G Darrel, Sharon L Harlan, Anthony Brazel, et al. (2007). "Regional 

relationships between surface temperature, vegetation, and human settlement 

in a rapidly urbanizing ecosystem." Landscape Ecology 22(3): 353-365. 

Johansson, Erik and Rohinton Emmanuel (2006). "The influence of urban design on 

outdoor thermal comfort in the hot, humid city of Colombo, Sri Lanka." 

International journal of biometeorology 51(2): 119-133. 

Kalkstein, LS and KM Valimont (1987). "Climate effects on human health." Potential 

effects of future climate changes on forests and vegetation, agriculture, water 

resources, and human health: 122-152. 

Kovats, R Sari and Shakoor Hajat (2008). "Heat stress and public health: a critical 

review." Annu. Rev. Public Health 29: 41-55. 

Matzarakis, Andreas and Olaf Matuschek (2011). "Sky View Factor as a parameter in 

applied climatology–Rapid estimation by the SkyHelios Model." 

Meteorologische Zeitschrift 20(1): 39-45. 

Matzarakis, Andreas, Frank Rutz and Helmut Mayer (2007). "Modelling radiation 

fluxes in simple and complex environments—application of the RayMan 

model." International journal of biometeorology 51(4): 323-334. 

Nowak, David J, Rowan A Rowntree, E Gregory McPherson, et al. (1996). 

"Measuring and analyzing urban tree cover." Landscape and Urban Planning 

36(1): 49-57. 

Oláh, AB (2012). "The possibilities of decreasing the urban heat island." Applied 

Ecology and Environmental Research 10(2): 173-183. 

Patz, Jonathan A, Diarmid Campbell-Lendrum, Tracey Holloway and Jonathan A 

Foley (2005). "Impact of regional climate change on human health." Nature 

438(7066): 310-317. 

Pompeii, II, C William and Timothy W Hawkins (2011). "Assessing the Impact of 

Green Roofs on Urban Heat Island Mitigation: A Hardware Scale Modeling 

Approach." Geographical Bulletin 52(1). 

Ratcliffe, John and Ela Krawczyk (2011). "Imagineering city futures: The use of 

prospective through scenarios in urban planning." Futures 43(7): 642-653. 



Bibliography 

45 

 

Smith, Dixie L and Loretta Johnson (2004). "Vegetation-mediated changes in 

microclimate reduce soil respiration as woodlands expand into grasslands." 

Ecology 85(12): 3348-3361. 

Smith, Kathryn R and Paul J Roebber (2011). "Green Roof Mitigation Potential for a 

Proxy Future Climate Scenario in Chicago, Illinois." Journal of Applied 

Meteorology & Climatology 50(3). 

Society, National Academy of Sciences and the Royal (2014). Climate Change: 

Evidence and Causes (PDF Booklet). . An overview from the Royal Society 

and the US National Academy of Sciences. Washington, DC, The National 

Academies Press. 

Spagnolo, Jennifer and Richard De Dear (2003). "A field study of thermal comfort in 

outdoor and semi-outdoor environments in subtropical Sydney Australia." 

Building and environment 38(5): 721-738. 

Steeneveld, GJ, S Koopmans, BG Heusinkveld, LWA Van Hove and AAM Holtslag 

(2011). "Quantifying urban heat island effects and human comfort for cities of 

variable size and urban morphology in the Netherlands." Journal of 

geophysical research 116(D20): D20129. 

Stewart, Ian D and Tim R Oke (2012). "Local climate zones for urban temperature 

studies." Bulletin of the American Meteorological Society 93(12): 1879-1900. 

Stott, Peter A, Dáithí A Stone and Myles R Allen (2004). "Human contribution to the 

European heatwave of 2003." Nature 432(7017): 610-614. 

Tan, Jianguo, Youfei Zheng, Guixiang Song, et al. (2007). "Heat wave impacts on 

mortality in Shanghai, 1998 and 2003." International journal of 

biometeorology 51(3): 193-200. 

Van den Hurk, Bart, A Klein Tank, Geert Lenderink, et al. (2006). KNMI climate 

change scenarios 2006 for the Netherlands, KNMI De Bilt. 

Watkins, Richard, John Palmer and Maria Kolokotroni (2007). "Increased 

temperature and intensification of the urban heat island: implications for 

human comfort and urban design." Built Environment (1978-): 85-96. 

Yao, Runming, Baizhan Li and Jing Liu (2009). "A theoretical adaptive model of 

thermal comfort–Adaptive Predicted Mean Vote (aPMV)." Building and 

environment 44(10): 2089-2096. 

Ye, Guodong, Changzhi Yang, Youming Chen and Yuguo Li (2003). "A new 

approach for measuring predicted mean vote (PMV) and standard effective 

temperature (SET∗)." Building and environment 38(1): 33-44. 

Zoulia, I, M Santamouris and A Dimoudi (2009). "Monitoring the effect of urban 

green areas on the heat island in Athens." Environmental monitoring and 

assessment 156(1-4): 275-292. 

 



Appendix 

46 

 

Appendix  

Appendix 1 Local climate zones 

Abridged definitions for local climate zones (see electronic supplement for photographs, surface 

property values, and full definitions). LCZs 1–9 correspond to Oke’s (2004) urban climate zones.
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Appendix 2 Elevation angle 
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2006-07-15 0 0 0 0 0 0 0 2.1 10.18 18.94 28.03 37.11 45.67 52.97 57.86 59.02 56.02 49.85 41.85 32.98 23.84 14.84 6.34 0 

2006-07-16 0 0 0 0 0 0 0 1.96 10.04 18.8 27.9 36.97 45.52 52.82 57.7 58.86 55.88 49.73 41.74 32.87 23.73 14.73 6.22 0 

2006-07-17 0 0 0 0 0 0 0 1.81 9.89 18.66 27.76 36.83 45.37 52.66 57.53 58.69 55.72 49.59 41.62 32.76 23.61 14.61 6.09 0 

2006-07-18 0 0 0 0 0 0 0 1.65 9.74 18.51 27.62 36.68 45.22 52.5 57.36 58.52 55.57 49.45 41.49 32.64 23.49 14.48 5.96 0 

2006-07-19 0 0 0 0 0 0 0 1.5 9.59 18.37 27.47 36.53 45.07 52.33 57.18 58.34 55.4 49.31 41.36 32.51 23.37 14.35 5.82 0 

Note: the negative elevation angles are converted to 0.   
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Appendix 3 UTCI Assessment Scale   

UTCI categorized in terms of heat stress (Bröde et al., 2011) 

UTCI (°C) range Stress Category 

above +46 extreme heat stress 

+38 to +46 very strong heat stress 

+32 to +38 strong heat stress 

+26 to +32 moderate heat stress 

+9 to +26 no heat stress 

+9 to 0 slight cold stress 

0 to -13 moderate cold stress 

-13 to -27 strong cold stress 

-27 to -40 very strong cold stress 

below -40 extreme cold stress 
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Appendix 4 KNMI'06 climate scenarios 

Schematic overview of the four KNMI’06 climate scenarios ((Van den Hurk et al., 2006) 
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Appendix 5 Climate transformation of KNMI’06 climate scenarios (°C) 

Original 2050 G G+ W W+ Difference G G+ W W+ Corrected 

difference 

G G+ W W+ 

19.5 20060715 20.4 21.1 21.3 22.7  0.9 1.6 1.8 3.2  0.66 1.17 1.32 2.35 

23.1 20060716 24.1 25 25.2 26.9  1 1.9 2.1 3.8  0.73 1.39 1.54 2.79 

24.1 20060717 25.2 26.1 26.2 28.1  1.1 2 2.1 4  0.81 1.47 1.54 2.93 

25 20060718 26.1 27 27.2 29.1  1.1 2 2.2 4.1  0.81 1.47 1.61 3.01 

26.9 20060719 28.1 29.1 29.2 31.3  1.2 2.2 2.3 4.4  0.88 1.61 1.69 3.23 

           AVG 0.78 1.42 1.54 2.86 

Original 2100 G G+ W W+ Difference G G+ W W+ Corrected 

difference 

G G+ W W+ 

19.5 20060715 21.3 22.7 23.2 25.9  1.8 3.2 3.7 6.4  1.54 2.73 3.16 5.47 

23.1 20060716 25.2 26.9 27.2 30.7  2.1 3.8 4.1 7.6  1.79 3.25 3.50 6.49 

24.1 20060717 26.2 28.1 28.3 32  2.1 4 4.2 7.9  1.79 3.42 3.59 6.75 

25 20060718 27.2 29.1 29.3 33.7  2.2 4.1 4.3 8.7  1.88 3.50 3.67 7.43 

26.9 20060719 29.2 31.3 31.5 35.7  2.3 4.4 4.6 8.8  1.97 3.76 3.93 7.52 

           AVG 1.79 3.33 3.57 6.73 
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Appendix 6 Overview of all UTCIs 

Fraction 

of 

Greennes

s 

Elder people (50&50) Mid-age workers 

(35&65) 

Elder people (50&50) Mid-age workers 

(35&65) 

1° C 2° C 1° C 2° C 0° C 0° C 

LCZ2 LCZ5 LCZcon LCZ2 LCZ5 LCZcon LCZ2 LCZ5 LCZcon LCZ2 LCZ5 LCZcon LCZ2 LCZ5 LCZcon LCZ2 LCZ5 LCZcon 

0 29.95  31.89  30.42  30.29  32.18  30.78  31.27  33.63  31.97  31.62  33.93  32.36  29.86  31.85  30.31  31.12  33.53  31.81  

8 29.88  31.80  30.34  30.24  32.11  30.73  31.22  33.57  31.93  31.58  33.88  32.32  29.77  31.75  30.22  31.06  33.46  31.75  

15 29.83  31.72  30.25  30.20  32.04  30.66  31.18  33.50  31.82  31.56  33.82  32.26  29.70  31.65  30.11  31.00  33.37  31.67  

20 29.78  31.64  30.19  30.16  31.97  30.61  31.15  33.44  31.86  31.53  33.77  32.23  29.63  31.56  30.04  30.95  33.30  31.61  

25 29.67  31.60  30.11  30.07  31.91  30.54  31.06  33.38  31.75  31.46  33.72  32.17  29.50  31.47  29.93  30.85  33.24  31.53  

32 29.57  31.50  29.94  30.00  31.83  30.42  30.99  33.30  31.63  31.41  33.65  32.09  29.38  31.35  29.74  30.76  33.13  31.39  

40 29.34  31.25  29.78  29.83  31.67  30.29  30.82  33.13  31.49  31.28  33.52  31.98  29.11  31.08  29.54  30.55  32.92  31.22  

50 29.11  30.94  29.60  29.64  31.42  30.14  30.62  32.86  31.35  31.12  33.32  31.86  28.85  30.72  29.32  30.32  32.61  31.04  

60 28.92  30.70  29.38  29.49  31.23  29.96  30.46  32.65  31.17  31.00  33.14  31.71  28.62  30.44  29.06  30.13  32.36  30.81  

65 28.80  30.59  29.27  29.38  31.14  29.87  30.35  32.55  31.08  30.91  33.07  31.63  28.48  30.30  28.95  30.01  32.23  30.72  

75 28.54  30.36  29.05  29.17  30.94  29.69  30.15  32.34  30.90  30.73  32.89  31.49  28.19  30.04  28.69  29.77  32.00  30.51  

85 28.32  30.04  28.75  28.91  30.67  29.43  29.91  32.07  30.66  30.54  32.66  31.29  27.84  29.68  28.35  29.50  31.69  30.24  

100 27.59  29.34  28.18  28.37  30.01  28.95  29.42  31.51  30.23  30.14  32.19  30.94  27.13  28.90  27.72  28.96  31.01  29.77  

 


